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Abstract
Transition metal-catalysed reactions represent a valuable tool for the construction of sp3-rich,
stereodefined molecular scaffolds in a single synthetic step. Though these reactions have garnered
considerable attention over the last few decades, recent literature indicates that the fractional
sp3 character of drug-like molecules has gradually decreased over the last twenty years. This is
in part, due to the increased use of transition metal-catalysed cross-coupling reactions such as the
Heck and Suzuki–Miyaura reactions, which allow for the preparation of flat, aromatic molecules
in a single synthetic step. It was therefore the aim of this dissertation to synthesise novel sp3-rich
molecular scaffolds in a single synthetic step via transition metal-catalysed reactions. This has
been achieved in two sections: Part I which details the use of vinyl benzoxazinanones as
1,4-dipole precursors in (4 + 2) dipolar cycloaddition reactions, and Part II which proposes a
synthetic route towards novel allenyl benzoxazinanones and investigates the reactivity of these
systems under nickel catalysis.
The synthesis of sp3-rich tetrahydro-5H-indolo[2,3-b]quinolines was achieved in Part I of this
dissertation via the palladium-catalysed decarboxylative, dearomative (4 + 2) cycloaddition of
vinyl benzoxazinanones with 3-nitroindoles. While initial attempts to react N-tosyl protected
vinyl benzoxazinanones with 3-nitroindole in the presence of a palladium(0) catalyst were
unsuccessful, replacing this substrate with the unprotected vinyl benzoxazinanone led to the
formation of tetrahydro-5H-indolo[2,3-b]quinolines in moderate to excellent yields (42–94%),
with excellent diastereoselectivity (up to >98:2). The relative stereochemistry of these
tetrahydro-5H-indolo[2,3-b]quinolines was determined as trans through a combination of nuclear
magnetic resonance (1-D NOE and 2-D NOESY) analysis and X-ray crystallographic analysis.
The scope of this reaction was shown to accommodate a wide range of electron-donating and
electron-withdrawing substituents on the benzene portion of the indole ring. This was in contrast
to indoles which contained electron-donating groups at N-1 or groups that were less electronwithdrawing than tosyl (such as Bz, Ac, Me), and indoles containing C-3 substituents such as
acetyl, cyano and methyl ester which resulted in no reaction. These findings highlight the
I

significance of the C-3 electron-withdrawing nitro-substituent and the strong electronwithdrawing N-substituents in rendering the indole sufficiently electrophilic to participate in the
cycloaddition reaction with vinyl benzoxazinanones. A brief asymmetric protocol of this reaction
was also demonstrated in the presence of a chiral phosphinooxazoline ligand, generating the
corresponding tetrahydro-5H-indolo[2,3-b]quinoline in high NMR yield (90%), moderate dr
(46:54 trans:cis) and high enantioselectivity for the trans diastereomer (>98% ee).
Part II of this dissertation details a five-step synthetic route towards novel allenyl
benzoxazinanones in low to moderate yields (11–48%) from the corresponding commercially
available anthranilic acids. These allenyl benzoxazinanones were found to undergo a cascade
cross coupling/ring opening reaction with arylboronic acids, followed by ring closure to
dihydroquinolines in low to good yields (34–71%). The scope of this reaction was shown to
tolerate a modest range of allenyl benzoxazinanones, containing electron-donating and mild
electron-withdrawing substituents on the benzene ring. This was in contrast to the scope of
arylboronic acids, which was limited to electron-rich arylboronic acids such as
4-methoxyphenylboronic acid, with electron-poor boronic acids failing to return any
dihydroquinoline – presumably due to the reduced nucleophilicity of electron-poor boronic acids
towards transmetalation with the nickel catalyst. A brief investigation into the reaction
mechanism using control experiments and density functional theory calculations at the M06/def2TZVP+QZVP//M06/6-31G(d,p)+SDD level identified nickel(II) as the catalytically active
species in the reaction. Furthermore, this transformation was found to be overall exergonic, with
the migratory insertion identified as the rate determining step (proceeding with the highest energy
barrier of 25.1 kcal/mol). Importantly, this reaction – in addition to that discussed in Part I –
provides access to highly substituted molecular scaffolds, tetrahydro-5H-indolo[2,3-b]quinoline
and dihydroquinolines, which are prevalent in bioactive natural products and pharmaceutically
relevant compounds.
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Part I
Palladium-Catalysed Decarboxylative Formal (4 + 2) Cycloaddition of
Vinyl Benzoxazinanones with 3-Nitroindoles

1

Chapter 1. Introduction
1.1. Dipolar Cycloaddition Overview
Since the introduction of 1,3-dipolar cycloadditions by Huisgen in the 1960s,1
dipolar cycloadditions have emerged as a powerful tool for the construction of carbo‐ and
heterocyclic compounds in a single-step.2 This method, which is illustrated in Scheme 1.1a,
involves the concerted reaction of a 4π-electron 1,3-dipole (a-b-c) with a 2π-electron
dipolarophile (d=e or d≡e) to generate five-membered rings 1.3

Scheme 1.1. A. 1,3-Dipolar cycloaddition of 1,3-dipoles (a-b-c) to dipolarophiles (d=e or d≡e) to form
five-membered rings (1). B. Sextet and octet-structures of 1,3-dipoles.

The 1,3-dipole (a-b-c) can be illustrated by the sextet-structure 2 in which atom ‵a′ contains an
incomplete valence shell and a positive formal charge, and atom ‵c′ contains an unshared pair of
electrons and a negative charge (Scheme 1.1b).1a, 2a This 1,3-dipole can also be represented by the
two octet-structures 4 and 5, in which positive charge is present on the central atom (b) and
negative charge is spread across the terminal atoms (a and c).4 These resonance structures
demonstrate the ambivalent character of 1,3-dipoles, as the terminal atoms ‵a′ and ‵c′ possess both
nucleophilic and electrophilic character.1a

These 1,3-dipoles can be further divided into two classes: allyl anion type dipoles 6 and propargylallenyl anion type dipoles 7 (Figure 1.1). Those belonging to the allyl anion type are bent, and
consist of four π-electrons in three parallel pz orbitals (orange) positioned perpendicular to the
2

plane of the dipole.3, 4b, 5 In comparison, the propargyl-allenyl anion type (7) are linear, due to the
presence of an additional π-orbital (blue) perpendicular to the allyl anion molecular orbitals
(orange).4b, 6 The central atom ‵b′ for allyl anion type dipoles (6) is typically a nitrogen or oxygen
atom, while the central atom for propargyl-allenyl anion type dipoles (7) is limited to atoms that
can take on a positive charge in the quatervalent state, such as nitrogen.3, 5

Figure 1.1. Selected propargyl-allenyl anion type (7) and allyl anion type (6) 1,3-dipoles. *The additional π-orbital
(blue) perpendicular to the allyl anion molecular orbitals (red) in the propargyl-allenyl anion type 7 is not involved in
the cycloaddition reaction.3 Scheme adapted from Maguire and co-workers.5

These 1,3-dipoles can be generated via several methods, including the Lewis acid-catalysed (A)
and the transition metal-catalysed (B) ring opening of cyclic, strained molecules 8 (Scheme 1.2).
The latter of these processes, which is the focus of this dissertation, proceeds via oxidative
addition of the transition metal catalyst to the vinyl group of 8b/c, followed by decarboxylation
and/or C−X bond cleavage to form the 1,3-dipole 14. Once generated, these reactive 1,3-dipoles
14 can be intercepted by dipolarophiles 10 to furnish heterocyclic products 15 in a dipolar
cycloaddition reaction.

3

Scheme 1.2. Lewis acid-catalysed (A) and transition metal-catalysed (B) generation of 1,3-dipoles 9
and 14. LA = Lewis acid.

4

1.2. Cycloaddition Reactions of Electron-Rich Indoles

These aforementioned 1,3-dipoles (9 and 14) when intercepted by electron-rich aromatics,
provide access to stereodefined, sp3-rich heterocycles from planar aromatic compounds.7
For example, Kerr and co-workers reported the synthesis of sp3-rich cyclopenta[b]indoles 18 via
the Yb(OTf)3-catalysed dearomative [3 + 2] annulation of donor-acceptor cyclopropanes 17 with
N-1 and C-3 substituted indoles 16 (Scheme 1.3a).7a,

7b

In the absence of these N-1 or C-3

substituents, the authors observed formation of the competing C-3 alkylated product 20 via
deprotonation and rearomatisation of intermediate 19 (blue), or the N-alkylated product 21 arising
from nucleophilic attack of the indoline nitrogen atom on a second molecule of cyclopropane 17
(orange) (Scheme 1.3b).7a, 8

Scheme 1.3. Ytterbium(III) triflate-catalysed dearomative [3 + 2] annulation of donor-acceptor
cyclopropanes 17 with electron-rich indoles 16.

In 2006, Ila and co-workers reported an analogous formal [3 + 2] cycloaddition of
2-arylcyclopropyl ketones and diesters 23 with indoles 22 in the presence of a Lewis acid
5

(BF3•Et2O or TiCl4) (Scheme 1.4a).7c This reaction was shown to accommodate a wide range of
substituted and unsubstituted indoles 22, and cyclopropyl ketones and diesters 23, providing the
corresponding

cyclopenta[b]indoles

24 in moderate

to high yield

with complete

diastereoselectivity. In comparison to the work of Kerr and co-workers,7b, 8 the reaction of the
unsubstituted indole (R1, R2, R3, R4 = H) afforded the cyclopentannulated indole 24 in excellent
yield (92%), with no formation of the N-alkylated product 21 or the C-3 alkylated product 20
(shown in Scheme 1.3b). This reaction was later developed into an asymmetric protocol by Xie
and Tang,9 using copper(II) triflate and a chiral BOX ligand (L1) to yield cyclopenta-fused
indolines 27 in excellent diastereo- and enantioselectivities (up to >50/1 dr and up to 96% ee)
(Scheme 1.4b).

Scheme 1.4. Lewis acid-catalysed dearomative [3 + 2] cycloaddition of indoles (22 and 25) with
donor-acceptor cyclopropanes (23 and 26).

A similar transformation using aryl oxiranyl-dicarboxylates/diketones 29 and indoles 28 was
published by Wu and Zhang in 2012 (Scheme 1.5a).7d In the presence of catalytic Ni(ClO4)•6H2O
in dichloromethane, the desired 1H-furo[3,4-b]indoles 30 were generated in moderate to excellent
yields with high diastereoselectivity and excellent regio- and chemoselectivity (favouring
C–C bond cleavage over C–O bond cleavage). Wu and Zhang also briefly demonstrated an
6

asymmetric variant of this reaction when using the chiral BOX ligand (L2), which provided
1H-furo[3,4-b]indole 33 in high yield with excellent diastereoselectivity and moderate ee
(Scheme 1.5b). Unsurprisingly, the reaction of a N-Boc-protected indole failed to generate the
desired cycloadduct 30, presumably due to the decreased nucleophilicity of the C-3 position on
the indole imparted by the electron-withdrawing group.

Scheme 1.5. Nickel-catalysed dearomative [3 + 2] annulation of electron-rich indoles (28 and 31) with aryl
oxiranyl-dicarboxylates/diketones (29 and 32).

More recently, our research group7f and Zhao and co-workers7g independently reported the
palladium(II)-catalysed dearomative [3 + 2] cycloaddition of electron-rich indoles (34 and 37)
with N-tosylaziridines (35 and 38) (Scheme 1.6). In the study conducted by Zhao and co-workers,
the desired pyrroloindolines 39 were generated in low to excellent yields, with good
diastereoselectivity and excellent enantiomeric excess (ee). Interestingly, this reaction was found
to proceed with stereoinversion at C-2 of aziridine 38. This could be explained by the proposed
mechanism in which SN2 attack of the indole 37 occurs on the activated aziridine (40 or 41), rather
than formation of a ring-opened aziridine intermediate (Scheme 1.6b). It is important to note that
while Zhao and co-workers propose two activated aziridines 40 and 41, it is more probable that
intermediate 41 exists with the Lewis acid coordinated to the oxygen atom of the sulfonamide via
an indirect interaction. A direct interaction between the Lewis acid and nitrogen atom of the

7

aziridine in intermediate 40 is unlikely and typically only occurs when a non-oxygenated
N-substituent is present (i.e. R3 = H or alkyl).10

Scheme 1.6. Palladium-catalysed formal [3 + 2] cycloaddition of aziridines (35 and 38) with
electron-rich indoles (34 and 37).

8

1.3. Cycloaddition Reactions of Electron-Deficient Indoles

The above reactions utilise electron-rich indoles, in which functionalisation occurs at the C-3
position to form the iminium intermediate 42, followed by nucleophilic attack at the C-2 position
to generate the substituted indoline 43 (Scheme 1.7a).11 In contrast, the addition of two
electron-withdrawing substituents at N-1 and C-3 of the indole ring generates an indole that can
behave in an electrophilic manner – where nucleophilic functionalization occurs at the C-2
position, followed by reaction with an electrophile at the C-3 position (Scheme 1.7b).11

Scheme 1.7. A. Reactivity of electron-rich indoles. B. Reactivity of electron-poor indoles.
EDG = electron-donating group. EWG = electron-withdrawing group. Scheme adapted from Arai
and co-workers.11

The use of electron-deficient indoles in (3 + 2) cycloaddition reactions was first reported by
Gribble and co-workers in 1998 (Scheme 1.8a).12 Indoles 44 containing a 3-nitro and N-carbamate
or N-sulfonamide substituent were reacted with mesoionic münchnones (1,3-oxazolium-5olates) 45, generated in situ from N-acylamino acids in the presence of a dehydrating agent,
diisopropylcarbodiimide (DIPC).12 The reaction was proposed to proceed via the bridged
tetracyclic intermediate 46, which upon loss of nitrous acid and carbon dioxide, provided the
re-aromatised pyrrolo[3,4-b]indoles 47 in low to moderate yields (39–67%).

9

Scheme 1.8. 1,3-Dipolar cycloaddition of symmetrical and unsymmetrical münchnones (45 and 49)
with 3-nitroindoles (44 and 48).

This 1,3-dipolar cycloaddition was re-visited two years later by the same group using
unsymmetrical münchnones 49 as the 1,3-dipoles (Scheme 1.8b).6 The pyrrolo[3,4-b]indoles 50
were generated in high yields with high regioselectivity when using N-carbamate or
N-sulfonamide 3-nitroindoles 48; however, the observed regioselectivity was not consistent with
that predicted by frontier molecular orbital (FMO) theory. Although the reason for this
regiochemical outcome was unclear, Gribble et al. proposed two theories. The first involved a
favourable π-interaction between the nitro group of the indole and the phenyl ring of the
münchnone in the transition state, and the second involved the formation of a nonsynchronous
transition state, where the bond between C-2 of the nitroindole and the methyl carbon of the
münchnone forms prior to bond formation at the phenyl ring carbon of the münchnone due to
sterics.6, 13
Gribble and co-workers later demonstrated the dearomative [3 + 2] cycloaddition of
3-nitroindoles 53 with unstabilised azomethine ylides 52, generated in situ via the
decarboxylative condensation of α-amino acids 51 and paraformaldehyde in toluene at reflux
(Scheme 1.9a).14 The resultant hexahydropyrrolo[3,4-b]indoles 54 were generated in good to
10

excellent yields, without the loss of nitrous acid (as seen in previous cycloaddition reactions with
münchnones).6, 12 Notably, less-electron deficient indoles, such as 3-cyano-1-(phenylsulfonyl)
indole and 1-benzyl-3-nitroindole failed in the reaction, highlighting the importance of the C-3
nitro substituent and the strong electron-withdrawing N-substituent in rendering the indole
sufficiently electrophilic to participate in the cycloaddition reaction. In 2013, Piettre and
Chataigner reported an analogous [3 + 2] cycloaddition between 3-nitroindoles 56 and the same
non-stabilised azomethine ylide 52, this time generated via the desilylation of hemiaminal 55
under mild conditions (trifluoroacetic acid at 0 °C) (Scheme 1.9b).15 The scope of the [3 + 2]
cycloaddition reaction was also extended to include electron-deficient indoles 56 bearing C-3
nitro, ester and acetyl groups, and other electron-deficient nitroaromatics such as pyrroles,
imidazoles, quinolines and naphthalenes, provided they contained one or two-electron
withdrawing substituents.15

Scheme 1.9. 1,3-Dipolar cycloaddition reactions of electron-deficient indoles (53 and 56) with
non-stabilised azomethine ylides 52. TFA = trifluoroacetic acid.

In 2014, Arai and co-workers developed the first enantioselective formal [3 + 2] cycloaddition of
electron-deficient 3-nitroindoles 58 with stabilised azomethine ylides 59, derived from glycine
imino esters (Scheme 1.10a).11 Among the catalyst systems tested, copper(II) triflate and
11

bis(imidazoline)pyridine L3 provided exo′-pyrrolo[3,4-b]indoles 60 in high to excellent yields,
with excellent diastereo- and enantioselectivities (up to 99% ee). Stanley and co-workers
subsequently disclosed the copper-catalysed dearomative [3 + 2] cycloaddition of 3-nitroindoles
61 with azomethine ylides 62 derived from alanine imino esters (Scheme 1.10b).16 When using
(R)-difluorophos L4 and copper(II) triflate, the exo′-pyrroloindolines 63 containing four
contiguous stereogenic centers were generated in high yields with high to excellent diastereo- and
enantioselectivities. This high diastereoselectivity towards the exo′ isomer was attributed to the
epimerization of the endo isomer to exo′-63 at higher temperatures (greater than −20 °C) via a
retro-Mannich/Mannich addition pathway.16

Scheme 1.10. Copper-catalysed dearomative [3 + 2] cycloaddition of 3-nitroindoles (58 and 61) with
azomethine ylides (59 and 62).

In 2017, Wang and co-workers reported a catalyst-free, dearomative (3 + 2) cycloaddition of
3-nitroindoles 64 with a third 1,3-dipole, C,N-cyclic azomethine imines 65 (Scheme 1.11a).17
The resultant cycloadducts 66, featuring an indoline and tetrahydroisoquinoline scaffold, were
generated in moderate to high yields with complete diastereoselectivity for all substrates
(>20:1 dr). This selectivity could be explained by four proposed transition states (TS1–4), in

12

which TS1 and TS2 are favoured due to a π-π interaction between the aromatic rings of the
azomethine imine 65 and the 3-nitroindole 64 (Scheme 1.11b).

Scheme 1.11. Catalyst-free dearomative (3 + 2) cycloaddition of electron-deficient 3-nitroindoles 64 with
C,N-cyclic azomethine imines 65. Scheme 1.11b adapted from Wang and co-workers.17

The cycloaddition reactions discussed above utilise pre-formed 1,3-dipoles (such as the
azomethine imine 65) or 1,3-dipoles generated in situ from the corresponding amino acids
(mesoionic münchnones 45 and azomethine ylides 52). An alternative and a less-explored strategy
for the cycloaddition of electron-deficient aromatics involves the use of transition-metal catalysts
such as palladium to generate 1,3-dipoles. This was achieved in 2014, when Trost and co-workers
reported the palladium-catalysed [3 + 2] cycloaddition of trimethylenemethane (TMM) donors 68
with N-Boc 67a and N-sulfonamide 3-nitroindoles 67b (Scheme 1.12a).18 The resultant
cyclopenta[b]indolines 69 were afforded in quantitative yields, with high enantiomeric excess for
cycloadduct 69a when using a chiral phosphoramidite ligand (L5). The mechanism for the
formation of the TMM dipole 71 proceeds via oxidative addition of the Pd(0) catalyst to the TMM
donor 68 to form the Pd-π-allyl intermediate 70 (Scheme 1.12b). The expelled acetate then cleaves
the C–Si bond of intermediate 70 to form the TMM 1,3-dipole 71 which can undergo nucleophilic
attack at the C-2 position of indole 67.18-19
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Scheme 1.12. A. Palladium-catalysed dearomative [3 + 2] cycloaddition of trimethylenemethane donor 68
with 3-nitroindoles 67. B. Mechanistic proposal for the formation of TMM 1,3-dipole 71.

In 2017, our research group reported the first dearomative [3 + 2] cycloaddition of electrondeficient 3-nitroindoles 72 with 1-tosyl-2-vinyl aziridines 73 in the presence of a palladium(0)
catalyst and bathophenanthroline ligand L6 (Scheme 1.13a). The resultant synthetically useful
pyrrolo[2,3-b]indoles 74 containing a C-3a nitro- and a C-3 vinyl-substituent were generated in
good to excellent yields (48–91%) with excellent diastereoselectivity (up to 93:7 trans:cis). This
synthetic procedure was particularly important given the prevalence of pyrroloindolines 75 in
bioactive natural products and pharmaceutical compounds. For instance, (+)-psychotrimine 76 is
an antibacterial agent used against Gram-positive bacteria,20 while physostigmine 77 is an
acetylcholinesterase inhibitor used in the treatment of Alzheimer’s disease (Scheme 1.13b).21
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Scheme 1.13. A. Palladium-catalysed dearomative (3 + 2) cycloaddition of 1-tosyl-2-vinyl aziridines 73
with electron-deficient 3-nitroindoles 72. B. Selected pyrroloindoline derivatives, psychotrimine 76 and
physostigmine 77.

Interestingly, this reaction displayed divergent diastereoselectivity – when R = H on the indole
ring, the trans diastereomer was preferentially formed (93:7 dr), while substitution with an ester
(R = CO2Me) at this position led to the cis diastereomer (>2:98 dr) (Scheme 1.14). This was
postulated to be due to the favourable interaction between the cationic Pd-π-allyl complex and the
aromatic ring of the indole skeleton in TS1, leading to the formation of the trans isomer as the
major product.22 In contrast, when R = CO2Me this favourable interaction was disrupted, leading
to formation of the less sterically hindered TS2 and finally the cis isomer. Hyland and co-workers
also revealed that replacing the C-3 nitro-substituent with a cyano or methyl ester substituent, or
replacing the N-1 substituent with an acetyl or methyl group led to no reaction, once again,
highlighting the importance of the strong electron-withdrawing nitro- and tosyl-substituents in
generating an electrophilic indole.
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Scheme 1.14. Mechanistic proposal for the palladium-catalysed dearomative [3 + 2] cycloaddition of
1-tosyl-2-vinyl aziridines 73 with electron-deficient 3-nitroindoles 72. Scheme adapted from Hyland
and co-workers.22a

Hyland and co-workers also explored the palladium-catalysed (3 + 2) cycloaddition of
3-nitroindoles 78 with 2-vinylcyclopropane-1,1-dicarboxylates 79 (Scheme 1.15a). In the
presence of the same palladium(0) catalyst and bathophenanthroline ligand (L6),
cyclopenta[b]indolines 80 were generated in comparable yield (21–88%) to the above
pyrrolo[2,3-b]indoles 74, albeit with a reduction in the diastereomeric ratio (dr)
(up to 1.7:1 trans:cis). This dr could be increased to 4.3:1 (trans:cis) when adding a halide salt
(such as NBu4I) to the reaction mixture, which facilitated rapid π-σ-π conversion between the two
Pd-allyl complexes (TS1 and TS2) and therefore formation of the trans-isomer of 80 via TS1
which is presumably lower in energy (Scheme 1.15b).23 Hyland and co-workers also observed the
formation of the cis diastereomer of 80 (<1:49 dr trans:cis) when employing a 4-CO2Me
substituted indole in the reaction, owing to the interference with the favourable cation-π
interaction between Pd-π-allyl complex and the indole aromatic ring in TS1.22b, 23
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Scheme 1.15. A. Palladium-catalysed dearomative [3 + 2] cycloaddition of 2-vinylcyclopropane-1,1dicarboxylates 79 with electron-deficient 3-nitroindoles 78. B. Mechanistic proposal. Scheme adapted from
Hyland and co-workers.22a

Contemporaneous with the above report,23 Vitale and co-workers disclosed the palladiumcatalysed dearomative [3 + 2] cycloaddition of 3-nitroindoles 81 with dicyano and diestersubstituted vinylcyclopropanes 82 (Scheme 1.16a).24 In the presence of catalytic Pd2(dba)3•CHCl3
and 1,2-bis(diphenylphosphino)ethane in acetonitrile, the 2,3-fused cyclopentannulated
indolines 83 were generated in good to excellent yields with high cis-selectivity (up to >50:1 dr).
This was in contrast to the work of Hyland and co-workers which provided
trans-cyclopenta[b]indolines 80 in moderate dr (Scheme 1.15a).23 To account for this
cis-selectivity, Vitale and co-workers proposed two chair-like transition states TS1 and TS2, the
latter of which was disfavoured due to 1,3-diaxial interactions with the pseudoaxial Pd-π-allyl
complex (Scheme 1.16b).
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Scheme 1.16. A. Palladium-catalysed dearomative [3 + 2] cycloaddition of 3-nitroindoles 81 with
vinylcyclopropanes 82. B. Mechanistic proposal for diastereoselectivity. Scheme adapted from Vitale and
co-workers.24

Taking inspiration from the two independent reports by Hyland23 and Vitale,24 the Shi group
developed an enantioselective [3 + 2] cycloaddition reaction of vinylcyclopropanes 84 with
3-nitroindoles (Scheme 1.17a).25 In the presence of Pd(dba)2 and a chiral phosphoramidite
ligand L7, the desired cis-cyclopenta[b]indolines 85 were afforded in comparable yield, with
moderate diastereoselectivity (up to 88:12 dr) and high enantioselectivity (up to 97% ee).25
Wang and co-workers also disclosed an asymmetric variant of this reaction in 2018 when
employing Pd(dba)2 and a bisoxazoline ligand L8, generating trans-cyclopenta[b]indoles 87 in
excellent ee and comparable dr to that of Hyland and co-workers (Scheme 1.17b).23 Notably, this
reaction could be further extended to N-tosyl vinyl aziridines 88, affording pyrroloindolines 89 in
excellent ee with a slightly increased dr to that of Hyland et al. (Scheme 1.17c).22a
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Scheme 1.17. Enantioselective palladium-catalysed dearomative [3 + 2] cycloaddition of 3-nitroindoles
with vinylcyclopropanes (84 and 86) and vinyl aziridines (88).
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1.4. Palladium-Catalysed Cycloaddition Reactions of 1,4-Dipoles

Since the first (3 + 2) cycloaddition reaction of electron-deficient indoles with mesoionic
münchnones published by Gribble and co-workers,12 the use of 1,3-dipoles in cycloaddition
reactions has garnered considerable attention. An alternative, and a perhaps underappreciated
system is the 1,4-dipole 90, which reacts with dipolarophiles such as 91 to form larger
six-membered heterocycles (92) (Scheme 1.18a). This was demonstrated by Alper and
co-workers in 2001, reporting the palladium-catalysed (4 + 2) cycloaddition of 2-vinylazetidines
93 with heterocumulenes 94 and 96 to form six-membered tetrahydropyrimidinones 95 and
tetrahydropyrimidinimines 97 in moderate to excellent yields with excellent regioselectivity
(Scheme 1.18b).26

Scheme 1.18. A. Palladium-catalysed (4 + 2) cycloaddition of 1,4-dipole 90 with activated alkenes
91 to form 6-membered heterocycles 92. B. Palladium-catalysed (4 + 2) cycloaddition of
2-vinylazetidines 93 with heterocumulenes 94 and 96.

In 2006, Tunge and co-workers reacted an analogous 1,4-dipole 99, generated upon oxidative
addition of a Pd(0) catalyst to vinyl oxazinanone 98, followed by decarboxylation
(Scheme 1.19a).27 In the presence of catalytic Pd(PPh3)4 in dichloromethane, the 1,4-dipole 99
could be intercepted by doubly activated Michael acceptors 100 to form 4-vinyl piperidines 101
in moderate to excellent yields (53–99%) with excellent diastereoselectivity (>19:1 dr cis:trans).
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In the absence of Michael acceptor 100 however, the vinyl oxazinanone 98 underwent
decarboxylative ring contraction to the vinyl azetidine 102 via backside attack of the amide anion
on the palladium-π-allyl complex (Scheme 1.19b).

Scheme 1.19. A. Palladium-catalysed decarboxylative cycloaddition of vinyl oxazinanones 98 with
doubly activated Michael acceptors 100. B. Palladium-catalysed ring contraction of vinyl oxazinanones
98.

A third nitrogen-containing 1,4-dipole precursor that is of particular interest to the Hyland group
is the vinyl benzoxazinanone 103. This precursor was first employed in 2008 by Tunge and
co-workers in the palladium-catalysed (4 + 2) cycloaddition of N-tosyl vinyl benzoxazinanones
103 with doubly activated Michael acceptors 104 (Scheme 1.20a).28 In the presence of an
anthracene Trost ligand (L10), hydroquinolines 105 were generated in high yields, with high
diastereo- and enantioselectivities. This reaction was shown to tolerate a variety of arylsubstituted Michael acceptors and para-substituted vinyl benzoxazinanones; however, the scope
of the reaction was not extended to non-aryl substituted acceptors and acceptors containing two
different electron-withdrawing groups. Interestingly, in the absence of Michael acceptor 104 or
in the presence of a more electron rich Michael acceptor [such as p-MeOC6H4CHC(CN2)], the
reaction afforded the competing intramolecular cyclized dihydroquinoline 106 or the dimer 108,
formed from the anti- and syn-π-allyl complexes, respectively (Scheme 1.20b). This was in
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contrast to the above vinyl oxazinanone 98 which led to vinyl azetidine 102 in the absence of a
dipolarophile (100), presumably due to lower strain energy of azetidines 102 (compared to vinyl
benzazetidines such as 109).29

Scheme 1.20. A. Palladium-catalysed (4 + 2) cycloaddition of N-tosyl vinyl benzoxazinanones 103 with
doubly activated Michael acceptors 104. B. Formation of dihydroquinoline 106 and dimer 108 from vinyl
benzoxazinanone 103.

A year later, the Tunge group published a second paper addressing the scope issues discussed
above.30 The reaction was shown to accommodate tosyl isocyanate 109, as well as other
acrylonitrile derivatives, phenylsulfonyl acrylonitrile 111 and cyanocoumarins (Scheme 1.21a).
However, these reactions were performed using a non-chiral catalyst system Pd(PPh3)4, instead
of the previous chiral catalyst system L10/Pd(PPh3)4 and provided cycloadducts 110 and 112 as
racemates. The reaction scope for the formation of dihydroquinoline 115 was also examined and
was extended to include vinyl benzoxazinanones containing electron-donating and mildly
electron-withdrawing groups at the para-position of the benzene ring, and substrate 113
containing a 2-methyallyl group. Notably, the reaction of the 2-methallyl substrate 113 did not
lead to the formation of dimer 116, even when the reaction was conducted in toluene (the solvent
which favoured the syn-π-allyl complex and therefore dimer 116) (Scheme 1.21b). This was
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postulated to be a result of the methyl group sterically precluding the syn-π-allyl complex,
therefore favouring the anti-π-allyl complex 114 and formation of the dihydroquinoline 115.30

Scheme 1.21. A. Palladium-catalysed (4 + 2) cycloaddition of N-tosyl vinyl benzoxazinanone
103 with acrylonitrile derivatives. B. Palladium-catalysed formation of dihydroquinoline 115.

It was not until many years later that an asymmetric protocol for this (4 + 2) cycloaddition, with
a large substrate scope, was developed by Xiao and Alper.31 When employing a new hybrid P,S
ligand L11, tetrahydroquinolines 118 were generated in excellent yields, with excellent enantioand diastereoselectivities (up to 98% ee and >95:5 dr) (Scheme 1.22a). In comparison to the
above studies, a range of substrates were well-tolerated in the reaction, including o, m and
p-substituted vinyl benzoxazinanones, aryl- and alkyl-substituted methyl 2-nitroacrylates, and
doubly activated alkenes. The proposed mechanism shown in Scheme 1.22b involves generation
of the palladium-stabilized zwitterionic intermediate 119 via oxidative addition of the Pd(0)
catalyst to vinyl benzoxazinanone 117 followed by decarboxylation. Intermediate 119 then
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undergoes reversible Michael addition to alkene 120 to afford 121a (and its stereoisomer 121b),
which via an intramolecular allylation reaction, provides tetrahydroquinoline 118 and regenerates
the Pd(0) catalyst. The authors attribute the stereocontrol of the reaction to the decreased steric
repulsion between the allylic group and the phenyl ring in intermediate II, leading to the formation
of 118 through attack of the nitro anion on the back side of the palladium-π-allyl complex
(Scheme 1.22b).31

Scheme 1.22. A. Palladium-catalysed decarboxylative (4 + 2) cycloaddition of vinyl benzoxazinanones
117 with activated alkenes. B. Proposed mechanism. Scheme adapted from Xiao and Alper. 31
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Following this work, Xiao and Lu described the palladium(0)-catalysed cycloaddition of N-tosyl
vinyl benzoxazinanones 122 with sulfur ylides 123 to synthesise biologically and synthetically
useful indolines 124 (Scheme 1.23).32 Among the ligands tested, the BINOL-derived chiral
phosphoramidite L12 gave 3-vinyl indolines 124 in high yields, with excellent diastereo- and
enantioselectivities. It is important to note that the proposed mechanism shown in Scheme 1.24a
operates in a slightly different manner to those discussed above and involves a reversal in the
ambident reactivity of the zwitterionic 1,4-dipole 125.32 The sulfur ylide 123 first undergoes an
asymmetric allylation reaction with the Pd-π-allyl complex 125 to form intermediate 126, rather
than the initial attack by the sulfonamide anion in Scheme 1.22b – presumably due to the greater
nucleophilicity of the sulphur ylide 123. Following regeneration of the Pd(0) catalyst, bond
rotation and N-alkylation, indoline 124 is formed. The authors attribute the high regio- and
enantioselectivities of the 3-vinyl indolines 124 to a favourable electrostatic interaction between
the negatively charged sulfamide anion and the positive sulfonium ion. This was confirmed
experimentally when adding an electrolyte to the reaction mixture, which either inhibited indoline
formation (LiBr) or decreased the conversion and enantioselectivity (Bu4NBr), both due to
interference with the proposed electrostatic interaction.32 Two years later, Xiao and Lu revisited
this reaction using a cheaper, environmentally friendly iron catalyst (TBAFe) and a
N-heterocyclic carbene ligand L13 (Scheme 1.24b). Through control experiments and density
functional theory (DFT) calculations, the authors proposed the formation of a σ-enyl type iron
intermediate 130, instead of an iron π-allyl complex (Scheme 1.24a).

Scheme 1.23. Palladium-catalysed decarboxylation-cycloaddition of vinyl benzoxazinanones 122 with
sulfur ylides 123.
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Scheme 1.24. A. Mechanistic proposal for the transition palladium-catalysed decarboxylative
cycloaddition of vinyl benzoxazinanones 122 with sulfur ylides 123. Scheme adapted from Xiao and Lu.32
B. Iron-catalysed decarboxylation-cycloaddition of vinyl benzoxazinanones 127 with sulfur ylides 128.

The aforementioned reactions utilise tosyl-protected vinyl benzoxazinanones, presumably due to
the increased stability of the sulfonamide anion compared to the aniline anion generated upon
Pd(0)-oxidative addition and decarboxylation. With the exception of Tunge and co-workers,30
these articles do not mention the use of unprotected vinyl benzoxazinanones in palladiumcatalysed cycloaddition reactions. If successful, these unprotected vinyl benzoxazinanones would
be advantageous for three reasons: (1) the absence of an electron-withdrawing group increases
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the nucleophilicity of the nitrogen atom (compared to sulfonamides), therefore making it more
likely to attack the dipolarophile and potentially expanding the scope of the reaction to less
activated dipolarophiles; (2) no deprotection of the nitrogen atom is necessary post-reaction,
leading to a more atom-economical reaction; and (3) the free NH can be used in subsequent
transformations (e.g. N-alkylation).
These unprotected vinyl benzoxazinanones were employed in 2017, by Shi and Mei in the
palladium-catalysed [4 + 2] cycloaddition of vinyl benzoxazinanone 130 with isatins 131
(Scheme 1.25a).33 Among the ligands tested in this reaction, the monodentate spiro-phosphine
ligand L14 afforded the tryptanthrins 132 in good to excellent yields (50–97%) with excellent
enantioselectivities (up to >99% ee). A year later, Shi and Mei also disclosed the intermolecular
de novo construction of enantioenriched dihydroquinazolinones 134 via the palladium-catalysed
[4 + 2] cycloaddition of unprotected vinyl benzoxazinanones 130 with sulfonyl isocyanates 133
(Scheme 1.25b).34

Scheme 1.25. A. Palladium-catalysed decarboxylative [4 + 2] cycloaddition of unprotected vinyl
benzoxazinanones 30 with isatins 131 and sulfonyl isocyanates 133.

Alongside these single-catalytic systems, many chemists have adopted dual-catalytic strategies
for (3 + 2) and (4 + 2) cycloaddition reactions.35 Two pioneering groups in this field are that of
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Glorius and Jørgensen – well-known for their work combining transition-metal catalysts such as
palladium with N-heterocyclic carbenes (NHCs) and proline organocatalysts.35d,

35e

This

combination of organo- and transition-metal catalysis leads to unprecedented transformations,
which would not have been accessible with either of the two catalytic systems alone.35d,
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Moreover, dual-catalytic strategies often improve the enantioselectivity, efficiency and reactivity
of existing chemical reactions.35c, 36b, 36c
In 2016, Jørgensen and co-workers synthesised highly substituted vinyl tetrahydroquinolines 137
via the palladium(0)- and organo-catalysed (4 + 2) cycloaddition of unprotected vinyl
benzoxazinanones 135 with α,β-unsaturated aldehydes 136 (Scheme 1.26a).35d The proposed
mechanism, provided in Scheme 1.26b, proceeds via reversible oxidative addition of the
palladium(0) catalyst to the vinyl benzoxazinanone 135, followed by irreversible decarboxylation
in the presence of benzoic acid to form the palladium-π-allyl complex 139. This complex (139)
then undergoes an enantioselective nucleophilic 1,4-addition to the activated iminium ion
intermediate 140, formed via condensation of the diphenylprolinol silyl ether catalyst with the
α,β-unsaturated aldehyde 136. Following ring closure and regeneration of the Pd(0) catalyst, the
tetrahydroquinoline 137 is formed. Notably, an acid additive (such as benzoic acid or acetic acid)
was indispensable for this reaction, likely due to the increased rate of condensation between the
prolinol organocatalyst and the aldehyde, and the requirement of acid for the irreversible
decarboxylation step.35d 37 It is also important to mention that this (4 + 2) cycloaddition employs
a mono-activated dipolarophile (136). This is in contrast to the reactions shown above which, in
most cases, utilise doubly activated dipolarophiles.
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Scheme 1.26. A. Palladium- and organo-catalysed (4 + 2) cycloaddition of vinyl benzoxazinanones
135 with α,β-unsaturated aldehydes 136.35d B. Mechanistic proposal. Scheme adapted from Jørgensen
et al.35d

A similar dual-catalytic strategy was adopted by Glorius and co-workers in the palladium and
N-heterocyclic carbene (NHC)-catalysed annulation of α,β-unsaturated aldehydes 142 with
tosyl-protected vinyl benzoxazinanones 141 (Scheme 1.27a).35e The resultant seven-membered,
pharmaceutically relevant 1-benzazepines 143 were generated in good to excellent yields
(42–98%) with excellent regio- and enantioselectivities (up to 99% ee). The proposed mechanism,
which was unveiled by Glorius and Guo a year later using ESI-MS, in situ NMR and X-ray
investigations is shown in Scheme 1.27b.35a The mechanism proceeds via oxidative addition of
the [Pd(NHC)phosphine] complex 144 to the vinyl benzoxazinanone 141 with concomitant
decarboxylation to form the electrophilic π-allyl palladium intermediate 145 (Cycle B). In a
separate catalytic cycle (Cycle A), the nucleophilic NHC homoenolate 146 is formed by addition
of the NHC organocatalyst to the α,β-unsaturated aldehyde 142. The homoenolate species 146,
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which exhibits umpolung reactivity, then undergoes conjugate addition to the π-allyl palladium
complex of 145, followed by the release of the palladium catalyst, tautomerisation and
N-acylation cyclization to the final 1-benzazepine 143. Critically, Glorius and co-workers found
the N-heterocyclic carbene to play a dual role in the reaction, first in forming the mixed ligand
Pd/NHC/phosphine complex 144 and second in generating the nucleophilic homoenolate 146.35a

Scheme 1.27. A. Palladium- and NHC-catalysed annulation of α,β-unsaturated aldehydes 142 and
tosyl-protected vinyl benzoxazinanones 141. B. Mechanistic proposal. Scheme adapted from
Glorius and Guo.33

30

1.5. Project Aims
Despite these advances using single- and dual-catalytic systems, at the onset of this investigation,
1,4-dipoles remained significantly under-investigated in comparison to their 1,3-dipole
counterparts. In addition, no dearomative processes using these 1,4-dipole precursors had been
reported. The aim of this project was to therefore develop a dearomative (4 + 2) cycloaddition
reaction of vinyl benzoxazinanones 147 with 3-nitroindoles 148 (Scheme 1.28a), inspired by our
previous work with 1-tosyl-2-vinylaziridines and 2-vinylcyclopropane-1,1-dicarboxylates.22a, 23
This reaction would provide access to sp3-rich tetrahydroindoloquinolines 149 from planar,
heteroaromatic compounds in a single step. Furthermore, these tetrahydroindoloquinolines 149
are prevalent in alkaloid natural products, such as communesin A and B which are reported to
exhibit

insecticidal

activity

and

cytotoxicity

against

lymphocytic

leukemia

cells

(Scheme 1.28b).38

Scheme 1.28. A. Proposed palladium-catalysed decarboxylative, dearomative (4 + 2) cycloaddition of
vinyl benzoxazinanones 147 with 3-nitroindoles 148. B. Alkaloid natural products, communesin A and B.
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The aforementioned aim will be addressed in the following section of this dissertation and
includes a detailed discussion on: (1) the optimisation of the reaction conditions to maximise
yield, diastereomeric ratio and enantiomeric ratio; (2) an investigation into the substrate scope of
the reaction, varying both the indole 148 and vinyl benzoxazinanone 147 substituents; (3)
attempted chemical transformations of the tetrahydroindoloquinoline cycloadducts 149;
(4) determination of the stereochemistry of the major diastereomer; and (5) an investigation into
the proposed reaction mechanism.
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Chapter 2. Results and Discussion
2.1. Synthesis of Vinyl Benzoxazinanones

In order to investigate the postulated palladium-catalysed (4 + 2) cycloaddition shown in
Scheme 1.28a, a series of vinyl benzoxazinanones (147a–g) had to be synthesised. This was
achieved using a five-step procedure reported by Jørgensen and co-workers from the
corresponding commercially available anthranilic acids 150a–h.35d The carboxylic acid moiety of
the anthranilic acid 150a–h was first reduced to the corresponding alcohol 151a–h using lithium
aluminium hydride in anhydrous tetrahydrofuran (Scheme 2.1, i). It is worthy to note that initial
attempts to synthesise alcohol 151a using the standard work-up procedure outlined by Jørgensen
and co-workers led to lower yields of alcohol 151a (66–70%), likely due to the difficulty in
separating the alcohol product from the aluminium salt emulsion.35d This was improved
significantly (to 92%) when switching to a Fieser work-up procedure (see Section 5.2).39 The
alcohol 151 was then either recrystallised from a mixture of ethyl acetate/n-hexanes
(substrates 151b,e,f) or was clean enough to be used in the next reaction without purification
(substrates 151a,c,d,g).

Scheme 2.1. Reduction of anthranilic acids 150a–h to alcohols 151a–h using lithium aluminium
hydride (i) or borane dimethyl sulfide complex (ii).

One exception to this reduction was 5-nitroanthranilic acid (150h), which due to the
incompatibility of the nitro-substituent with lithium aluminium hydride,40 required selective
reduction of the carboxylic acid moiety using borane dimethyl sulfide complex (Scheme 2.1, ii).
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This led to the formation of alcohol 151h as a bright yellow solid in high yield (88%) following
purification by flash column chromatography (FCC).
The amine group of the 2-aminobenzyl alcohols (151a–h) was then protected using methyl
chloroformate in a mixture of saturated aqueous sodium bicarbonate, dioxane and water (i) or
di-tert-butyl dicarbonate in tetrahydrofuran (ii) (Scheme 2.2a). The resultant N-protected
2-aminobenzyl alcohols 152a–i were generated in moderate to excellent yields (45–99%)
following purification by recrystallisation or flash column chromatography.

Scheme 2.2. A. N-protection of 2-aminobenzyl alcohols 151a–h using methyl chloroformate (i) or
di-tert-butyl dicarbonate (ii). B. Oxidation of N-protected 2-aminobenzyl alcohols 152a–i using
NaOCl/TEMPO (i) or PCC (ii).

With the protecting group successfully installed, the N-protected 2-aminobenzyl alcohols
(152a–i) were then oxidised to the corresponding N-protected 2-aminobenzaldehydes 153a–i
(Scheme 2.2b). Methyl (2-(hydroxymethyl)phenyl)carbamate (152a) was the first substrate
oxidised using sodium hypochlorite (NaOCl) and catalytic TEMPO in dichloromethane (i). This
method was beneficial as reaction times were short (30 minutes) and no purification was required
post-reaction. However, when attempting this oxidation on the 6-methoxy-substrate 152c the
N-protected 2-aminobenzaldehyde 153c was generated in low yield (25%). An alternative
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procedure was therefore adopted using pyridinium chlorochromate (PCC) in dichloromethane
(Scheme 2.2b, ii), which afforded the remainder of the N-protected 2-aminobenzaldehydes
(153b–i) in low to excellent yields (34–96%).
The N-protected 2-aminobenzaldehydes 153a–g were then subjected to a Grignard reaction using
vinylmagnesium bromide generated in situ from a solution of vinyl bromide (1.0 M in THF),
iodine and magnesium turnings (Scheme 2.3).* For substrates 153b,f,g the crude
mixture – containing the ring-opened allylic alcohol 154 and the vinyl benzoxazinanone
147 – was purified directly to yield the vinyl benzoxazinanones 147b,f,g in moderate yields
(34–49%). In contrast, substrates 153a,c–e that had lower conversion to 147 were treated with
potassium carbonate in methanol to afford the vinyl benzoxazinanones 147a,c–e in moderate
two-step yields (32–60%) following purification by FCC.

Scheme 2.3. Synthesis of vinyl benzoxazinanones 147a–g from N-protected 2-aminobenzaldehydes
153a–g. N-protected 2-aminobenzaldehydes 153h and 153i were used in the synthesis of allenyl
benzoxazinanones (discussed in Chapter 4).

As a representative example, the formation of vinyl benzoxazinanone 147a was confirmed by
analysis of the 1H NMR spectrum, which contained a doublet of doublet of doublet (ddd)

*Commercial

vinylmagnesium bromide solution (1.0 M in THF) led to no formation of 154a–g or 147a–g. Therefore,

fresh vinylmagnesium bromide was prepared in situ from magnesium turnings, iodine and vinyl bromide (1.0 M in
THF) (see Experimental – Section 5.2).
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resonance at δ 6.08 (1H), assigned to the methine proton (–CH=CH2) and two doublet resonances
at δ 5.41 (1H) and δ 5.36 (1H) assigned to the terminal alkene protons (CH=CH2). This was further
verified by a doublet resonance at δ 5.82 assigned to the methine proton (CH–CH=CH2), and the
disappearance of the diagnostic CHO resonance at δ 9.91 from the starting N-protected
2-aminobenzaldehyde 153a. The methine proton at δ 5.82 (CH–CH=CH2) also exhibited a
gHMBC correlation to a resonance at δ 152.9 in the 13C NMR spectrum (assigned to the carbamate
carbonyl), providing further evidence for the ring-closure of 154a–g to 147a–g.
As discussed in Section 1.4, the palladium-catalysed (4 + 2) cycloaddition reactions of
vinyl benzoxazinanones typically use N-tosyl-protected substrates, presumably due to the
increased stabilisation of the sulfonamide anion upon formation of the 1,4-dipole 155
(Scheme 2.4). The N-tosyl vinyl benzoxazinanone 147h was therefore prepared in moderate yield
(42%) using the unprotected vinyl benzoxazinanone 147a, p-toluenesulfonyl chloride and
sodium hydride in anhydrous dimethylformamide (DMF). The formation of N-tosyl vinyl
benzoxazinanone 147h was verified by the disappearance of the broad singlet resonance at δ 8.67
in the 1H NMR spectrum previously assigned to the NH of vinyl benzoxazinanone 147a, and the
appearance of two 2H aromatic doublet resonances at δ 8.10 and δ 7.39 assigned to the four tosyl
aromatic CH protons and a singlet resonance at δ 2.47 assigned to the CH3 of the tosyl group.

Scheme 2.4. A. N-tosylation of vinyl benzoxazinanone 147a. B. Nitrogen anion of 1,4-dipole 155
stabilised by the electron-withdrawing tosyl group.
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2.2. Synthesis of 3-Nitroindoles
With the vinyl benzoxazinanones 147a−f in hand, the N-protected 3-nitroindole dipolarophiles
148a−f could then be synthesised using a two-step procedure established by our research
group.22a, 23 The commercially available indoles 156 were first protected at the N-1 position in the
presence of sodium hydroxide and the corresponding protecting group (p-toluenesulfonyl
chloride, methyl chloroformate or methanesulfonyl chloride) (Scheme 2.5). These N-protected
indoles 157a–e were afforded in moderate to excellent yields (45–90%) following purification by
flash column chromatography.

Scheme 2.5. N-protection of commercially available indoles 156a–e using a procedure established by
Hyland and co-workers.22a

The N-protected indoles 157a–f were then nitrated at the C-3 position using acetyl nitrate 158,
generated in situ from acetic anhydride and nitric acid (Scheme 2.6a). For substrate 157e, this
reaction was conducted at −78 °C for the entire duration; however, for substrates 157a–d the
reaction mixture was slowly warmed to −10 to 0 °C. This modification to the literature procedure
was necessary for the nitration to reach full conversion (with full consumption of the N-protected
indole as determined by thin layer chromatography analysis).† Notably, this reaction took place
without significant nitration at the C-6 position of the indole ring which was reported to occur by
Gribble and co-workers.41 The crude 3-nitroindoles 148a–f were then purified by flash column
chromatography or by trituration with methanol to give the pure 3-nitroindoles 148a–f in low to
moderate yields (30–57%).‡

†This

is potentially due to the low solubility of the N-protected indoles 157a–e in the reaction solvent (acetic anhydride)
at − 78°C.
‡
The low yield accompanied by some substrates is presumably due to mechanical loss via trituration.
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Scheme 2.6. C-3-Nitration of N-protected indoles 157a–f using acetyl nitrate 158 generated in situ
from nitric acid and acetic anhydride.

The formation of the N-tosyl 3-nitroindole 148a was verified by analysis of the 1H NMR
spectrum, which contained a singlet resonance at δ 8.56 assigned to the methine CH=C–NO2
proton. This singlet resonance (δ 8.56) also exhibited a gHMBC correlation to a resonance at
δ 133.4 in the 13C NMR spectrum assigned to the quaternary C-3 carbon atom (C–NO2). The
incorporation of the protecting group (Ts, Ms or CO2Me) was also confirmed by the additional
resonances present in the 1H NMR spectrum (at δ 7.88 [2H], δ 7.33 [2H] and δ 2.40 [3H] for Ts,
δ 3.34 [3H] for Ms, and δ 4.15 [3H] for CO2Me).§

2.3. Palladium-Catalysed (4 + 2) Cycloaddition of Vinyl Benzoxazinanones with 3-Nitroindoles

With both sets of starting materials in hand, the palladium-catalysed decarboxylative (4 + 2)
cycloaddition proposed in Scheme 1.28a could then be explored. The reaction was first attempted
using 1-tosyl-4-vinyl benzoxazinanone 147f and 3-nitroindole 148a in the presence of catalytic
Pd2(dba)3•CHCl3 and a bidentate diamine ligand, bathophenanthroline (Scheme 2.7a). The
1-tosyl-4-vinyl benzoxazinanone 147f was selected, due to its previous success in palladium-

§N-protected

3-nitroindole assignments were also confirmed by comparison to literature NMR data (references 22a and

23).
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catalysed cycloaddition reactions with doubly activated Michael acceptors,30 while
bathophenanthroline was the ligand of choice due to the high diastereoselectivity in the palladiumcatalysed cycloaddition reaction of 3-nitroindoles with 1-tosyl-2-vinylaziridines and
2-vinylcyclopropane-1,1-dicarboxylates performed by our research group.22a, 23

Scheme 2.7. A. Palladium-catalysed (4 + 2) cycloaddition of 1-tosyl-4-vinyl benzoxazinanone 147f with
3-nitroindole 148a. B. Palladium-catalysed formation of dihydroquinoline 159 and dimer 160 in
tetrahydrofuran at rt–60 °C.

After stirring the reaction mixture at room temperature to 60 °C, analysis of the 1H NMR spectrum
of the crude material revealed the formation of dimer 160 and dihydroquinoline 159, generated
via the syn and anti-π-allyl complexes, respectively (Scheme 2.7b).** The formation of dimer 160
was evidenced by a doublet of triplet resonance at δ 5.44 in the 1H NMR spectrum assigned to the
methine proton =CH–CH2, and two resonances at δ 4.66 and δ 3.65 assigned to the methylene
CH2 protons. This doublet of triplet resonance (at δ 5.44) also exhibited a coupling constant
indicative of a trans-coupled alkene (J = 16.2 Hz) and was consistent with the literature 1H NMR

**

Dihydroquinoline 159 and dimer 160 were also observed by Tunge and co-workers in the palladium-catalysed
(4 + 2) cycloaddition of N-tosyl vinyl benzoxazinanones 103 with doubly activated Michael acceptors 104
(discussed in Section 1.4, Scheme 1.20).
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data for dimer 160.28 The dihydroquinoline 159, though only present in a trace quantity, was also
verified by a doublet of doublet resonance at δ 4.44 assigned to the methylene protons (CH2) and
two resonances at δ 5.57 and δ 6.02 corresponding to the methine protons =CHCH2 and =CH,
respectively.
As the 1-tosyl-4-vinyl benzoxazinanone 147f was unable to participate in the palladium-catalysed
cycloaddition with 3-nitroindole 148a under the conditions discussed above, it was hypothesised
that the strong electron-withdrawing tosyl group on the vinyl benzoxazinanone 147f was
responsible for decreasing the nucleophilicity of the nitrogen atom, thereby impeding attack on
the aromatic 3-nitroindole dipolarophile 148a.†† To increase the nucleophilicity of the nitrogen
atom, vinyl benzoxazinanone 147i containing an electron-donating para-methoxybenzyl (PMB)
group was synthesised (Scheme 2.8a) and was subjected to the palladium-catalysed cycloaddition
with 3-nitroindole 148a (Scheme 2.8b). However, the corresponding cycloadduct 149ia was not
observed in the 1H NMR spectrum of the crude material, with both starting vinyl benzoxazinanone
147i and 3-nitroindole 148a remaining.

Scheme 2.8. A. Synthesis of PMB-protected vinyl benzoxazinanone 147i. B. Attempted
palladium-catalysed (4 + 2) cycloaddition of PMB-protected vinyl benzoxazinanone 147i with
3-nitroindole 148a.

††

It is also important to note the reduced nucleophilicity of the sulfonamide anion of vinyl benzoxazinanone 147f
generated upon Pd(0) oxidative addition and decarboxylation compared to the sulfonamide anion of 1-tosylvinylaziridines. The sulfonamide anion of the former is less nucleophilic due to delocalisation of the lone pair
and is therefore more reluctant to participate in dearomative cycloadditions with dipolarophiles such as
3-nitroindoles.
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The unprotected vinyl benzoxazinanone 147a, which was successful in the palladium- and
organo-catalysed [4 + 2] cycloaddition with iminium-ion activated α,β-unsaturated aldehydes
(discussed in Section 1.4, Scheme 1.26) was then examined.35d This unprotected vinyl
benzoxazinanone 147a, if successful, would be advantageous for four reasons: (1) the absence of
an electron-withdrawing group increases the nucleophilicity of the nitrogen atom compared to
sulfonamides, therefore making it more likely to attack the 3-nitroindole; (2) no deprotection of
the nitrogen atom is necessary post-reaction, leading to a more atom-economical reaction; (3) the
free NH can be used in subsequent transformations (e.g. N-alkylation); and (4) no by-products,
such as the dimer 160 and dihydroquinoline 159 have been reported for unprotected vinyl
benzoxazinanone systems (Scheme 2.9).

Scheme 2.9. Advantages of the unprotected vinyl benzoxazinanone 147a in the palladium-catalysed
(4 + 2) cycloaddition with 3-nitroindoles 148a.

Pleasingly, when reacting the unprotected vinyl benzoxazinanone 147a with 3-nitroindole 148a
in the presence of catalytic Pd2(dba)3•CHCl3 and a monodentate phosphine ligand,
triphenylphosphine the desired cycloadduct was successfully generated as a mixture of
diastereomers (149aa major/149aa′ minor) in good NMR yield with good diastereomeric ratio
(dr) (Table 2.1, entry 1). However, these cycloadducts 149aa and 149aa′ could not be isolated in
pure form via flash column chromatography due to co-elution with the starting 3-nitroindole 148a.
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To achieve full conversion of the starting indole 148a, which would allow for the easy separation
of 149aa and 149aa′, a ligand screen was conducted (Table 2.1). When switching from the
monodentate

phosphine

ligand

(PPh3)

to

the

chelating

phosphine

ligand,

1,2-bis(diphenylphosphino)ethane, a reduction in the NMR yield and diastereoselectivity of
149aa′/149aa was observed (entry 2). Furthermore, switching to bidentate diamine ligands,
bathophenanthroline and phenanthroline, led to the desired cycloadducts 149aa′/149aa in full
conversion, excellent yields and high diastereoselectivities (entries 3 and 4). These results are
consistent with the previous palladium-catalysed [3 + 2] cycloaddition reactions reported by our
group, where bathophenanthroline and phenanthroline ligands were proposed to stabilise the
Pd(II) intermediate towards oligomerisation to a greater degree than phosphine-based ligands.22a,
23

A range of other bidentate diamine ligands were also tested in the reaction (entries 5–8);

however, all provided 149aa′/149aa in lower conversion, NMR yield and diastereoselectivity
when compared to 1,10-phenanthroline (entry 3).
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Table 2.1. Ligand optimisation for the palladium-catalysed (4 + 2) cycloaddition of vinyl
benzoxazinanone 147a with 3-nitroindole 148a.

Entry

Ligand

Conversion
(%)a

NMR yieldb
(isolated yield, %)

dra

1

PPh3

90

72

82:18

2

dppe

94

62

60:40

3

phen

100

91 (91)

81:19

4

bphen

100

80

80:20

5

2,2′-bipyridine

100

90

78:22

6

neocuproine

39

30

50:50

7

phendione

nr

nr

nr

8

4,7-dihydroxy-1,10phenanthroline

36

36

56:44

Reagents and conditions: 147a (0.06 mmol, 1.20 equiv.), 148a (0.05 mmol, 1.00 equiv.), Pd2(dba)3•CHCl3
(10 mol%) and ligand (25 mol%) in CH2Cl2 (0.1 M) at rt for 1–48 h. nr = no reaction. aDetermined by 1H NMR
analysis of the crude reaction mixture. bDetermined using 1,2-dimethoxyethane as an internal standard.

The formation of the major cycloadduct (149aa) was confirmed by analysis of the 1H NMR
spectrum, which contained a doublet of triplet (dt) resonance at δ 6.24 (J = 17.0, 10.1 Hz) assigned
to the methine proton (–CH=CH2), and two resonances at δ 5.40 (J = 10.1, 1.3 Hz) and δ 5.33
(J = 17.0, 1.1 Hz) assigned to the cis and trans terminal alkene protons (–CH=CH2), respectively.
The distinctive methine singlet (CH=C–NO2, δ 8.56) from the starting 3-nitroindole 148a also
exhibited an upfield shift to δ 6.14 consistent with sp2 to sp3 dearomatisation and appeared as a
doublet due to coupling with the adjacent NH (δ 5.17, J = 2.5 Hz). These resonances from the
H NMR spectrum (at δ 5.17 and δ 6.14) exhibited a gHMBC correlation to a resonance at δ 101.2

1

in the

13

C NMR spectrum, assigned to the quaternary carbon C–NO2. The formation of

cycloadducts 149aa/149aa′ was further verified by the presence of a peak at m/z 448.13253 in the
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HRMS that was assigned to the protonated molecular ion [M + H]+ (calcd for C24H22N3O4S,
448.13255).
In addition to the ligands shown in Table 2.1, a variety of chiral ligands were employed in the
reaction of vinyl benzoxazinanone 147a with 3-nitroindole 148a (Table 2.2). Among the ligands
tested, the phosphinooxazoline ligand L17 containing a gem-dimethyl and isopropyl substituent
generated the cycloadducts 149aa′/149aa in high NMR yield (90%) and excellent enantiomeric
excess for the minor diastereomer (>98% ee); however, this high ee was accompanied by a
reduction in the diastereoselectivity to 46:54 dr (entry 2). As no chiral ligand successfully
generated the cycloadducts 149 in high conversion, yield, dr and ee, attention was shifted to
optimising the diastereoselective protocol for the palladium-catalysed (4 + 2) cycloaddition of
vinyl benzoxazinanones 147 with 3-nitroindoles 148.
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Table 2.2. Chiral ligand screen for the palladium-catalysed (4 + 2) cycloaddition of vinyl
benzoxazinanone 147a with 3-nitroindole 148a.

Entry

Ligand

Solvent

Conversion

NMR Yieldb

(%)a

(%)

dra

major erc

minor erc

1

L16

CH2Cl2

67

64

52:48

8:92

33:67

2

L17

CH2Cl2

100

100

46:54

99:1

43:57

3

L18

CH2Cl2

28

27

74:26

70:30

41:59

4

L19

CH2Cl2

71

60

50:49

74:26

40:60

5

L19

MeCN

86

78

63:37

37:63

44:56

6

L20

THF

72

72

74:26

96:4

42:58

Reagents and conditions: 147a (0.06 mmol, 1.20 equiv.), 148a (0.05 mmol, 1.00 equiv.), Pd2(dba)3•CHCl3
(10 mol%) and ligand (25 mol%) in solvent (0.1 M) at rt for 48 h. aDetermined by 1H NMR analysis of the crude
reaction mixture. bDetermined using 1,2-dimethoxyethane as an internal standard. cEnantiomeric ratio (er)
determined using chiral high-performance liquid chromatography (HPLC) (see Appendix 1).

Encouraged by this promising result with 1,10-phenanthroline (Table 2.1, entry 3), the effect of
the reaction solvent was next investigated (Table 2.3). It was found that switching the solvent
from dichloromethane to acetonitrile led to an increase in the diastereomeric ratio of
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149aa/149aa′ (87:13, entry 2), albeit with a reduction in the NMR yield to 83%. A further increase
in the dr was observed when switching to tetrahydrofuran (90:10, entry 3) and 1,4-dioxane (90:10,
entry 4), with tetrahydrofuran providing cycloadducts 149aa/149aa′ in quantitative NMR yield
when using 1,2-dimethoxyethane as an internal standard.
Table 2.3. Solvent and catalyst/ligand loading optimisation for the palladium-catalysed (4 + 2)
cycloaddition of vinyl benzoxazinanone 147a with 3-nitroindole 148a.

Entry

Solvent

Conversion
(%)a

NMR yieldb
(isolated yield, %)

dra

1

CH2Cl2

100

91 (91)

81:19

2

MeCN

100

83

87:13

3

THF

100

100

90:10

4

1,4-dioxane

100

86 (84)

90:10

5

THFc

100

100 (88)

90:10

6

THFd

100

94

88:12

7

THFe

78

77

85:15

Reagents and conditions: 147a (0.06 mmol, 1.20 equiv.), 148a (0.05 mmol, 1.00 equiv.), Pd2(dba)3•CHCl3
(10 mol%) and 1,10-phenanthroline (25 mol%) in solvent (0.1 M) at rt for 1–48 h. aDetermined by 1H NMR analysis
of the crude reaction mixture. bDetermined using 1,2-dimethoxyethane as an internal standard. c7.5 mol% of
Pd2(dba)3•CHCl3 and 15 mol% phen. d5 mol% of Pd2(dba)3•CHCl3 and 10 mol% phen. e2.5 mol% of
Pd2(dba)3•CHCl3 and 5 mol% phen.

In an attempt to increase the dr of cycloadduct 149aa, the reaction was performed with the
addition of a halide salt, tetrabutylammonium iodide (TBAI) (Scheme 2.10a). Halide salts, such
as TBAI and tetrabutylammonium chloride (TBAC) have been shown by Trost and co-workers
to promote Curtin–Hammett conditions in the alkylation of Pd-π-allyl complexes.42 Under these
conditions, the rate of the interconversion between the two π-allyl diastereomeric intermediates
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is quicker than the rate of intramolecular nucleophilic attack.42 These conditions have also been
reported by Hyland and co-workers to increase the diastereomeric ratio of the palladium(0)catalysed cycloaddition of 2-vinylcyclopropane-1,1-dicarboxylates 79 with 3-nitroindoles 78
(Scheme 2.10a). The iodide or chloride ions can coordinate to the η3 π-allyl Pd-complex (or take
up a vacant coordination site in the η1 σ-complex) promoting π-σ-π (η3-η1-η3) interconversion. 42a,
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Moreover, the counter-ion (Bu4N+) reduces the rate of nucleophilic attack through ion pairing

with the anion.42 Tetrabutylammonium iodide was therefore employed in the reaction of vinyl
benzoxazinanone 147a with 3-nitroindole 148a; however, no increase in the dr was observed
(85:15 dr) with a reduction in the NMR yield of 149aa/aa′ to 83% (Scheme 2.10b).

Scheme 2.10. A. Halide salt addition to the palladium-catalysed cycloaddition of 2-vinylcycloopropane1,1-dicarboxylates with 3-nitroindoles, performed by Hyland and co-workers.23 B. Addition of
tetrabutylammonium iodide to the reaction of vinyl benzoxazinanone 147a and 3-nitroindole 148a.

With the solvent optimised, the effect of the catalyst and ligand loading on the reaction was then
examined (Table 2.3). When reducing the catalyst and ligand loading to 7.5 mol% and 15 mol%,
respectively, the cycloadducts 149aa/149aa′ were generated in comparable yield and
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diastereomeric ratio (entry 5). A further reduction of the catalyst loading to 5 mol% and 2.5 mol%
(entries 6 and 7) however proved detrimental to the conversion, NMR yield and dr of
cycloadducts 149aa/149aa′.
In a final attempt to increase the diastereoselectivity of cycloadducts 149aa and 149aa′ an
additional palladium(0) catalyst, tetrakis(triphenylphosphine)palladium(0) was trialled in the
reaction (Table 2.4). In the presence of 10 mol% of Pd(PPh3)4 in tetrahydrofuran (entry 1), the
cycloadduct 149aa was generated as a single diastereomer in 70% yield; however, this reaction
required an additional 0.60 equiv. of vinyl benzoxazinanone 157a to reach full conversion –
presumably due to the competing polymerisation of the 1,4-dipole of vinyl benzoxazinanone
147a.
Table 2.4. Selected optimisation for the palladium-catalysed (4 + 2) cycloaddition of vinyl
benzoxazinanone 147a with 3-nitroindole 148a.

Entry

Solvent

Conv. (%)a

Yield b (isolated

dra

yield, %)
1c,f

THF

100

88 (70%)

>98:2

2d,f

THF

66

56

>98:2

3e,f

THF

95

60

>98:2

4

CH2Cl2

63

39

87:13

5

MeCN

nr

nr

nr

6

toluene

23

19

>98:2

Reagents and conditions: 147a (0.06 mmol, 1.20 equiv), 148a (0.05 mmol, 1.00 equiv), Pd(PPh3)4 (10
mol%) in solvent (0.1 M) at rt for 24–48 h. aDetermined by 1H NMR analysis of the crude reaction mixture.
bDetermined using 1,2-dimethoxyethane as an internal standard. c1.80 equivalents of 147a added portion-wise
over 24 hours. d2.00 equivalents of 147a added portion-wise over 24 hours. e2.00 equivalents of 147a added
portion-wise over 10 hours. f3 Å MS added to the reaction mixture.
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This postulated polymerisation was in line with that of 1-tosyl-2-vinylaziridines in the palladiumcatalysed [3 + 2] cycloaddition with 3-nitroindoles.22a In the presence of triphenylphosphine,
Hyland and co-workers observed no cycloadduct formation. Instead, the 1H NMR spectrum of the
crude material displayed starting 1-tosyl-2-vinylaziridine, 3-nitroindole and a trace quantity of
indistinct baseline material consistent with vinylaziridine polymerisation.22a,
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This was

postulated to be due to the involvement of phosphine-based ligands in π-back bonding with the
palladium metal, resulting in increased electrophilicity of the Pd(II)-complex (Figure 2.11). This
leads to stronger ion-pairing with the amine anion (161), which can prevent attack of the nitrogen
anion on the 3-nitroindole.45 This was in contrast to bidentate diamine ligands,
1,10-phenanthroline and bathophenanthroline, which undergo σ-donation, but no back bonding
to the palladium metal, thereby increasing the nucleophilicity of the palladium-complex and
reducing the ion-pairing with the nitrogen anion.46a This makes the nitrogen anion more available
to attack the 3-nitroindole, and leads to less unwanted side reactions such as polymerisation.
Hyland and co-workers also proposed bidentate diamine ligands to increase the lifetime of the
Pd(II)-stabilised dipole, while phosphine-bound Pd(II)-stabilised 1,3-dipoles were shorter lived,
leading to a decreased stability of the phosphine-bound 1,3-dipole towards polymerisation.22a

Scheme 2.11. Ion-pairing of the nitrogen anion with the cationic Pd(II)-complex and the effect of monoand bidentate phosphine and diamine ligands.

While the reaction of vinyl benzoxazinanone 147a and 3-nitroindole 148a in the presence of
Pd(PPh3)4 in tetrahydrofuran gave the cycloadduct 149aa as a single diastereomer in high yield
(70%), attempts to replicate this outcome were variable, with the desired cycloadduct 149aa
obtained in lower NMR yield and conversion (see Table 4.2, entries 2 and 3). This was potentially
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due to the sensitivity of the Pd(PPh3)4 catalyst to air. The conditions shown in Table 2.3, entry 5
using catalytic Pd2(dba)3•CHCl3 and phenanthroline were therefore chosen as the optimised set of
conditions and were used to investigate the substrate scope of the reaction.
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2.4. Investigation of the Substrate Scope

With the optimised conditions in hand, the effect of the substituents at N-1 and C-3 of indole 148
could be investigated (Table 2.5). Substrates 148g and 148e containing electron-withdrawing
nosyl and mesyl substituents were well-tolerated in the reaction, generating the desired
cycloadducts (149ag and 149ae) as inseparable mixtures in high dr (91:9 and 80:20, respectively)
and moderate yield (65–69%). Interestingly, when N-methyl carbamate 148d was employed in
the reaction, both the starting 3-nitroindole and vinyl benzoxazinanone 147a decomposed. This
was in contrast to the earlier findings of our research group,22a, 23 where N-methyl and ethyl
carbamate indoles reacted smoothly with 1-tosyl-2-vinylaziridines to generate pyrroloindolines
in good yield and dr (up to 75% yield and >98:2 dr).
Table 2.5. Substrate scope of the tetrahydro-5H-indolo[2,3-b]quinoline synthesis with respect to the
N-electron-withdrawing group and C-3-electron-withdrawing group of indole 148.

149aa 88% yield
90:10 (90:10)a

148d decomposition
148h–j no reaction

149ag 69% yield
83:17 (91:9)

148d (R1 = CO2Me)
148h (R1 = Me)
148i (R1 = Bz)
148j (R1 = Ac)

149ae 65% yield
77:23 (80:20)b

148k (R2 = Ac)
148l (R2 = CN)
148m (R2 = CO2Me)
148k–m
no reaction

Reagents and conditions: 147a (0.06 mmol, 1.20 equiv), 148a (0.05 mmol, 1.00 equiv), Pd2(dba)3•CHCl3 (7.5 mol%)
and phenanthroline (15 mol%) in THF (0.1 M) at rt for 24 h. Diastereomeric ratio (trans:cis) measured from 1H NMR
spectrum of the crude reaction material. Isolated dr is given in brackets, measured from the 1H NMR spectrum of the
purified material. aReaction left for 1 h. b85% conversion for 149ae, likely due to the low solubility of indole 148e.
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Indoles 148h–j containing electron-donating groups at N-1 or protecting groups that were less
electron-withdrawing than tosyl resulted in no reaction, owing to the decreased electrophilicity of
the 3-nitroindole skeleton. A screen of C-3 substituents also found C-3-substituted acetyl, cyano
and methyl ester indoles (148k–m) to be incompatible in the reaction. These findings highlight
the importance of the C-3 electron-withdrawing nitro substituent and strong electron-withdrawing
N-1 substituents (Ts, Ns, and Ms) in rendering the indole sufficiently electrophilic to participate
in the (4 + 2) cycloaddition with vinyl benzoxazinanone 147a.
Attention was then turned to variation of substituents around the benzenoid portion of the indole
ring (Table 2.6). Electron-withdrawing groups at the 4-, 5- and 6-positions were compatible in
the reaction, providing the corresponding cycloadducts (149an–q,at,ab) as diastereomeric
mixtures in reasonable to high yields (42–85%) and moderate to high dr (up to 94:6). The
5-methyl-substituted 3-nitroindole 148s was also tolerated in the reaction, providing cycloadducts
149as/149as′ in high yield (80%) and dr (93:7). However, when replacing this 5-methyl
substituent with a 5-methoxy substituent in indole 148c, no reaction occurred. This paralleled the
previous findings of Hyland et al. where indole 148c failed to react with 1-tosyl-2-vinylaziridines
and 2-vinylcyclopropane-1,1-dicarboxylates, presumably due to the decreased electrophilicity of
the indole skeleton.22a, 23 Pleasingly, when 7-chloroindole 148f was used in the reaction, the
cycloadduct 148af was generated as a single diastereomer (>98:2 dr) in high yield (80%). The
relative stereochemistry of cycloadduct (148af) was determined as trans by 1-D/2-D NOESY
analysis and X-ray crystallography (discussed in Section 2.5). It is also important to note that
these halogenated substrates (148ap,q,t,f) did not lead to any unwanted side reactions via
competing oxidative addition of the Pd(0) catalyst to the Ar–halogen bond and provide access to
halogenated cycloadducts which could be amenable to further cross-coupling reactions.

52

Table 2.6. Substrate scope of the tetrahydro-5H-indolo[2,3-b]quinoline synthesis with respect to the
3-nitroindole R3 substituent.

149an 85% yield
85:15 (86:14) dr

149ao 75% yield
85:15 (84:16) dr

149ap 63% yield
84:16 (94:6) dr

149aq 42% yield
85:15 (92:8)a,b dr

149ar 56% yield
81:19 (91:9)b dr

149as 80% yield
88:12 (93:7)b dr

149at 84% yield
81:19 (94:6) dr

149ab 81% yield
72:28 (72:28) dr

149af 80% yield
>98:2 (>98:2)b dr

148c
no reaction
Reagents and conditions: 147a (0.05–0.06 mmol, 1.20 equiv), 148 (0.04–0.05 mmol, 1.00 equiv), Pd2(dba)3•CHCl3
(7.5 mol%) and phenanthroline (15 mol%) in THF (0.1 M) at rt for 1–24 h. Diastereomeric ratio (trans:cis) measured
from 1H NMR spectrum of the crude reaction material. Isolated dr is given in brackets, measured from the 1H NMR
spectrum of the purified material. aLow isolated yield for 149aq due to co-elution with dibenzylideneacetone during
flash column chromatography. Purified via trituration with pentane following flash column chromatography. b2.00
equiv of 147a required.
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Next, the reaction scope with respect to vinyl benzoxazinanone 147 was examined (Table 2.7).
Indole 148f containing a 7-chloro substituent was chosen as the reaction partner, due to the high
dr of the 7-chloroadduct (149af) (>98:2 dr) (Table 2.6). Vinyl benzoxazinanones 157b–e
containing electron-donating (8-Me, 7,8-Me2) and electron-withdrawing (5-F, 7-Cl) groups on the
phenyl ring reacted smoothly with 148f, generating the cycloadducts 149bf–ef in moderate to
high yields (49–94%) and excellent dr (94:6 to >98:2). In contrast, vinyl benzoxazinanones 147f
and 147g containing electron-donating (OMe) and mild electron-withdrawing (Br) substituents at
the 6-position resulted in decomposition of the 3-nitroindole and the vinyl benzoxazinanone,
potentially due to the derived anilide anion being destabilised by mesomeric donation from these
substituents.
Table 2.7. Substrate scope of the tetrahydro-5H-indolo[2,3-b]quinoline synthesis with respect to the vinyl
benzoxazinanone (147).

149bf 80% yield
94:6 (94:6)

149cf 94% yield
>98:2 (>98:2)

149df 59% yield
>98:2 (>98:2)

149ef 49% yield
>98:2 (>98:2)

147f
decomposition

147g
decomposition

Reagents and conditions: 147 (0.05 mmol, 1.20 equiv), 148 (0.04 mmol, 1.00 equiv), Pd2(dba)3•CHCl3 (7.5 mol%)
and phenanthroline (15 mol%) in THF (0.1 M) at rt for 1 h. Diastereomeric ratio (dr, trans:cis) measured from 1H NMR
spectrum of the crude reaction material. Isolated dr is given in brackets, measured from the 1H NMR spectrum of the
purified material.
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Notably, in most cases, the diastereomeric ratio of each substrate could be significantly improved
following purification via flash column chromatography on silica gel (see 149aq and 149ar in
Table 2.6). The reaction of the vinyl benzoxazinanone 147a and 3-nitroindole 148t was also
repeated on a larger scale (0.26 g, 0.7 mmol of 148t), leading to the cycloadduct 149at in high
yield (68%) and comparable dr (87:13 crude, 90:10 isolated).

2.5. Determination of the Relative Stereochemistry of Tetrahydro-5H-indolo[2,3-b]quinolines
As discussed in Section 1.3, the palladium-catalysed dearomative [3 + 2] cycloaddition reaction
of

1-tosyl-2-vinylaziridines

73

and

2-vinylcyclopropane-1,1-dicarboxylates

78

with

3-nitroindoles generated pyrroloindolines 74 and cyclopenta[b]indolines 80, respectively, with
high trans selectivity (Scheme 2.12). This was attributed to the favourable interaction between
the cationic Pd-π-allyl complex and the aromatic indole ring (as shown in TS1 and TS1a).22a, 23
To determine whether this rationale was viable for our palladium-catalysed decarboxylative
(4 + 2) cycloaddition of vinyl benzoxazinanones 147 with 3-nitroindoles 148, the relative
stereochemistry of cycloadduct 149af was determined using two methods: NMR spectroscopy
analysis (1-D and 2-D) and X-ray crystallography analysis.

Scheme 2.12. Palladium-catalysed dearomative [3 + 2] cycloaddition reactions of 1-tosyl-2-vinylaziridines
73 and 2-vinylcyclopropane-1,1-dicarboxylates 78 with 3-nitroindoles.
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As shown in Figure 2.1, analysis of the 1-D NOESY spectrum of cycloadduct 149af revealed a
through-space correlation between the doublet resonance at δ 6.51 corresponding to HA
(TsN–CH) and the doublet resonance at δ 4.27 assigned to HB (CH–CH=CH2). In addition,
no through-space correlation was observed between HA (TsN–CH) and the doublet of triplet
resonance at δ 6.18 corresponding to HC (–CH=CH2). These results suggest that a
syn-arrangement exists between the two methine protons HA and HB, consistent with the
trans-diastereomer of 149af. This assignment was further supported by analysis of the 2-D
NOESY spectrum which revealed through-space coupling between HA and HB, with no apparent
correlation between HA and HC (Figure 2.2a).

Figure 2.1 A. Expected key NOESY correlations for 149af trans- and 149af′ cis-diastereomer.
B. 1-D NOESY spectrum for cycloadduct 149af.
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To provide further unambiguous evidence for the above trans assignment, cycloadducts 149af
and 149at were recrystallised from a mixture of chloroform and n-hexanes to give
diastereomerically pure X-ray quality crystals. These crystals were then subjected to
X-ray crystallographic analysis, performed by Dr. Christopher Richardson from the University of
Wollongong, which confirmed the relative stereochemistry of 149af and 149at as trans
(Figure 2.2b).
A.

B.

Figure 2.2. A. 2-D NOESY spectrum for cycloadduct 149af with key correlations highlighted.
B. X-ray crystal structure of compounds 149af and 149at obtained by Dr. Christopher Richardson
from the University of Wollongong.
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2.6. Proposed Reaction Mechanism
The proposed mechanism for this palladium-catalysed (4 + 2) cycloaddition, which is outlined in
Scheme 2.13, involves a similar catalytic cycle to the palladium-catalysed [3 + 2] cycloaddition
of 2-vinylcyclopropane-1,1-dicarboxylates and 1-tosyl-2-vinylaziridines with 3-nitroindoles
reported by Hyland and co-workers.22a, 23 The mechanism begins with oxidative addition of the
Pd(0)/phen catalyst to the vinyl benzoxazinanone 147a,‡‡ followed by decarboxylation to generate
the Pd-stabilized zwitterionic 1,4-dipole 162. This zwitterionic 1,4-dipole (162) then undergoes
reversible nucleophilic attack at the C-2 position of the indole 148 to generate the resonance
stabilised nitro-enolate, which can undergo ring-closure via the boat-like TS1 to give the transcycloadduct (149aa). It is tentatively proposed that TS1 is favoured due to a cation–π interaction
between the cationic π-allyl Pd complex and the electron-rich indole skeleton, similar to that
observed for the reaction of 1-tosyl-2-vinylaziridines and vinylcyclopropanes with
3-nitroindoles.§§22-23

Scheme 2.13. Proposed mechanism for palladium-catalysed decarboxylative (4 + 2) cycloaddition of vinyl
benzoxazinanones 147 with 3-nitroindoles 148. π–σ–π interconversion refers to the formation of a
short-lived η1-allyl species from the π-allyl Pd complexes (TS1 and TS2).46b This species then undergoes
C– C bond rotation to a rearranged η1-allyl intermediate, followed by conversion to a new η3-allyl
species.46b

‡‡

This oxidative addition is a highly facile process, as indicated by the compatibility of halogen-substituted (Ar–X)
substrates in the reaction.
§§ It is also possible that a favourable electrostatic interaction exists between the nitro moiety and the π-allyl Pd
complex; however, this electrostatic interaction is hypothesised to have less of a stabilising effect than the proposed
cation-π interaction, therefore leading to TS1 and the trans-cycloadduct.
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2.7. Chemical Transformations of Tetrahydro-5H-indolo[2,3-b]quinolines

As previously alluded to in Chapter 1, these tetrahydro-5H-indolo[2,3-b]quinolines 149 are
synthetically useful, due to their versatile functional handles such as the 10-nitro, vinyl, halogen
and NH substituents (Scheme 2.14). To demonstrate the synthetic utility of these
tetrahydro-5H-indolo[2,3-b]quinolines, a range of chemical transformations were attempted on
substrates 149aa, 149an and 149at. These attempted transformations have been provided in
Scheme 2.15 and include N-deprotection of the tosyl group, a Heck reaction, cross-metathesis, Nprotection and hydroboration-oxidation. However, each of these transformations led to the
recovery of the starting vinyl benzoxazinanone 147, with no formation of the desired products (as
determined by 1H NMR analysis of the crude reaction mixture). While the exact reason for this
failure is unknown, it is tentatively proposed to be due to the presence of a basic free NH and/or
the highly congested nature of the molecule.

Scheme 2.14. Versatile functional handles present in tetrahydro-5H-indolo[2,3-b]quinolines 149.
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Scheme 2.15. Attempted chemical transformations on tetrahydro-5H-indolo[2,3-b]quinolines 149.

Pleasingly, when using an excess of zinc powder and TMSCl in methanol, the nitro group of
cycloadduct 149at was reduced to the free amine 163 in moderate yield (58%) with an excellent
diastereomeric ratio (>98:2 dr) (Scheme 2.16). The formation of amine 163 was confirmed by
analysis of the 13C NMR spectrum, which contained an upfield resonance at δ 66.1 assigned to
the quaternary carbon C–NH2. This resonance also showed a correlation in the gHMBC spectrum
60

to three 1H NMR resonances at δ 5.17 (NH), δ 3.44 (CH–CH=CH2) and δ 5.31–5.26 (TsN–CH).
Furthermore, the HRMS revealed a peak at m/z 435.0961 that was assigned to [M + H – NH3]+
(calcd for C24H20ClN2O2S, 435.0934).

Scheme 2.16. Reduction of the nitro group of cycloadduct 158at using Zn/HCl.

2.8. Conclusions and Future Directions
As discussed in Chapter 1 of this dissertation, the overarching aim of this project was to
synthesise sp3-rich heterocycles from planar, heteroaromatic compounds. The synthesis of
sp3-rich tetrahydro-5H-indolo[2,3-b]quinolines was achieved in this chapter via the palladiumcatalysed decarboxylative, dearomative (4 + 2) cycloaddition of vinyl benzoxazinanones with
3-nitroindoles (Scheme 2.17a). While initial attempts to react 1-tosyl-4-vinyl benzoxazinanone
147f with 3-nitroindole 148a in the presence of a palladium(0) catalyst were unsuccessful,
replacing this substrate with the unprotected vinyl benzoxazinanone 147a led to the formation of
tetrahydro-5H-indolo[2,3-b]quinolines 149/149′ in excellent yield (up to 94%) and
diastereoselectivity (up to >98:2). This is particularly important, as tetrahydroindoloquinoline
scaffolds are prevalent in alkaloid natural products, such as communesin A and B, which are
reported to exhibit insecticidal activity and cytotoxicity against lymphocytic leukemia cells,
respectively (Scheme 2.17b). Critically, this method also introduced versatile functional handles,
including a 10b-nitro-substituent, a vinyl substituent and a free NH group. Not only are these
versatile handles useful for synthetic chemists, but they are also beneficial in the synthesis of
highly functionalised tetrahydro-5H-indolo[2,3-b]quinolines for medicinal chemistry purposes.
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Scheme 2.17. A. Palladium-catalysed decarboxylative dearomative (4 + 2) cycloaddition of vinyl
benzoxazinanones 147 with 3-nitroindoles 148. B. Alkaloid natural products, communesin A and B,
containing the tetrahydroindoloquinoline skeleton.

The synthetic utility of the tetrahydro-5H-indolo[2,3-b]quinoline 149 was demonstrated through
reduction of the 10b-nitro-substituent to the free amine 163 in moderate yield (58%) with high
diastereomeric retention (dr >98:2). Moreover, this synthetic method was briefly extended to an
asymmetric protocol with the chiral phosphinooxazoline ligand L17 bearing a gem-dimethyl and
an isopropyl substituent, generating the tetrahydro-5H-indolo[2,3-b]quinoline 149a/149a′ in 90%
NMR yield, moderate dr (46:54 trans:cis) and high enantioselectivity for the trans diastereomer
(>99% ee).
The reaction scope also provided an insight into dearomative cycloaddition reactions of vinyl
benzoxazinanones with dipolarophiles (such as 148). It was found that indoles containing
electron-donating groups at N-1 or groups that were less electron-withdrawing than tosyl (such as
Bz, Ac, Me) led to no reaction. Furthermore, C-3 substituents such as acetyl, cyano and methyl
ester were incompatible in the reaction. These findings highlight the significance of the C-3
electron-withdrawing nitro-substituent and the strong-electron withdrawing substituent (such as
Ts, Ns or Ms) in rendering the indole sufficiently electrophilic to participate in the cycloaddition

62

reaction, and provides further insight into the future reactivity of 3-nitroindoles in dearomative
(n + 2) cycloaddition reactions.
Despite the success of this reaction, and the efforts of many synthetic chemists, the fractional
sp3 character of molecules published in the Journal of Medicinal Chemistry has decreased from
1995 onwards.47 This is in part, due to the increased use of transition metal-catalysed crosscoupling reactions (such as the Heck and Suzuki reactions), which allow for the preparation of
flat, aromatic molecules in a single synthetic step. The future direction of this project will
therefore focus on additional transition metal-catalysed dearomative cycloaddition to prepare
sp3-rich heterocycles from other nitroaromatics and dipolarophiles such as 1-tosyl-2vinylaziridines 73, vinyl azetidines 164 and vinyl benzoxazinanones 147 (Scheme 2.18).

Scheme 2.18. Proposed palladium-catalysed (n + 2) cycloadditions of nitroaromatics with 1-tosyl-2vinylaziridines 73, vinyl azetidines 164 and vinyl benzoxazinanone 147.

These proposed (n + 2) cycloaddition reactions will first be developed into a diastereoselective
protocol,

using

catalytic

Pd2(dba)3•CHCl3 and bidentate
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diamine

ligands

such

as

1,10-phenanthroline and bathophenanthroline. Those successful will then be developed into an
asymmetric protocol using chiral ligands, such as the gem-dimethyl and isopropyl substituted
phosphinooxazoline ligand (L17) (with the enantiomeric excess of the cycloadducts determined
using chiral HPLC). Not only will these reaction provide access to a range of biologically relevant
scaffolds (165–168), but they also introduce several synthetic handles, such as vinyl and nitrosubstituents, which are amenable to further functionalisation.
In addition to the dearomative (4 + 2) and (3 + 2) cycloaddition reactions of 3-nitroindoles
discussed in this chapter, the 3-nitroindole skeleton could be employed in other dearomative
processes. For example, the palladium-catalysed intramolecular dearomative Heck reaction
shown in Scheme 2.19. This reaction, which is in line with the overarching aim of this project,
would provide access to sp3-rich, nitro substituted dihydroisoindolo[2,1-a]indol-6-ones 171. This
reaction would proceed via oxidative addition of the Pd(0)-catalyst to 3-nitroindole 169, followed
by migratory insertion to the organo-palladium intermediate 170, and interception with formic
acid to form dihydroisoindolo[2,1-a]indol-6-ones 171 (via a reductive Heck reaction)

Scheme 2.19. Proposed intramolecular dearomative Heck reaction of 3-nitroindole 169.

64

Part II
Nickel-Catalysed Reactions of Allenyl Benzoxazinanones with
Arylboronic Acids
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Chapter 3. Introduction
3.1. Overview

As discussed in Chapter 1 of this dissertation, there is a growing need within the scientific
community to synthesise sp3-rich heterocycles. This is significant given the prevalence of
sp3-hybridised carbon atoms in drugs, with 95% of drugs containing an sp3-hybridised carbon
atom and 60% of drugs containing an sp3-hybridised carbon atom in a ring system.48 This growing
need has been addressed by our research group over the past decade, using transition metal
catalysts such as palladium and gold to synthesise pyrroloindolines 74, cyclopenta[b]indolines 80
and 5,7-fused heterocycles 181 from strained, three-membered rings (Scheme 3.1).22a,

23, 49

Moreover, Chapter 2 of this dissertation disclosed the palladium-catalysed decarboxylative
formal (4 + 2) cycloaddition of vinyl benzoxazinanones and 3-nitroindoles – a reaction which
provided a synthetic route to sp3-rich tetrahydro-5H-indolo[2,3-b]quinolines in excellent yields
and diastereoselectivities (up to 94% yield and >98:2 dr).

Scheme 3.1. Synthesis of biologically relevant, sp3-rich heterocycles via the transition metal-catalysed
reactions of strained, three-membered rings performed by Hyland and co-workers.22a, 23, 49
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A second class of strained molecular building blocks that are of interest to the Hyland research
group are allenes 182, a class of highly reactive, unsaturated compounds containing two
perpendicular π-orbitals (Figure 3.1).50 These building blocks pose several benefits due to their
axial chirality and greater reactivity when compared to their alkene counterparts,51 as well as their
ability to bind and react with transition metal catalysts such as platinum and gold.52 As a result,
the use of allenes in transition metal-catalysed reactions has garnered considerable attention over
the last two decades, leading to the synthesis of highly complex biologically and pharmaceutically
relevant compounds.50a, 51, 53 The subsequent sections of this dissertation will therefore discuss
some of the more recent and significant developments in the reactions of allenes, with a particular
emphasis on the palladium(0)-, nickel(0)- and nickel(II)-catalysed reactions of allenes. This
section will also briefly discuss common methods to prepare allenes from carbonyl-containing
compounds using allenyl boronates and organozinc catalysts.54

≠
≠

Figure 3.1. A. Axial chirality of allenes 182. B. Typical reactivity mode of allenes under transition metal
catalysis. Scheme adapted from Lopez and co-workers.52

3.2. Synthesis of Allenes – Zinc-Catalysed Allenylation Reactions

In 2017, a comprehensive review on allenylation and propargylation reactions of aldehydes,
ketones, iminium ions and imines was published by our research group in collaboration with Pyne
and co-workers.55 Of the numerous studies discussed in this review, two key studies are relevant
to this dissertation: the first being the work of Fandrick54 and the second being a paper published
by Hyland and Pyne.56 In 2011, Fandrick and co-workers investigated the diethylzinc-catalysed
allenylation of aldehydes and ketones 183 with allenyl boronate 184 (Scheme 3.2a).54 This
reaction was found to be regioselective, and the ratio of the allenyl alcohol 185 to the
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homopropargylic alcohol 186 could be controlled by changing the reaction solvent and
diethylzinc loading. When using tetrahydrofuran as the reaction solvent, the homopropargylic
alcohol 186 was generated as the major regioisomer (30:70 185:186), while changing the solvent
to toluene led to allenyl alcohol (93:7 185:186). The allenyl alcohol 185 was also favoured at a
lower loading of diethylzinc (5 mol%), with high loading (100 mol%) favouring the
homopropargylic alcohol 186 (14:86 185:186).

Scheme 3.2. A. Diethylzinc-catalysed allenylation of aldehydes and ketones 183 with allenyl boronate 184.
B. Mechanistic proposal. Scheme adapted from Fandrick and co-workers54 and Hyland and Pyne.55

The plausible mechanism for this reaction, which is consistent with other zinc-catalysed
allenylations,55, 57 is illustrated in Scheme 3.2b. The reaction commences with exchange between
the allenyl boronate 184 and diethylzinc to form the propargylzinc species 187. This
species (187), which is kinetically favoured, then participates in an SE2′ reaction with the
aldehyde or ketone to form the zinc alkoxide 190, which can undergo a further B-to-Zn exchange
with the allenyl boronate to form the boronate complex of allenyl alcohol 185 and regenerate the
propargylzinc species 187. Alternatively, when performing this reaction in tetrahydrofuran or
with high diethylzinc loading, the propargylzinc species 187 isomerises to the more
thermodynamically stable allenylzinc species 188. This species (188) then forms the propargyl
alcohol 186 via a similar SE2′ reaction. It is important to note that this process is kinetically
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controlled, and the addition of the propargylzinc species 187 to the aldehyde 183 competes with
equilibration of the propargylzinc species 187 with the allenylzinc species 188. This was
evidenced by electrophilic aldehydes (such as R = o-ClC6H4, m-BrC6H4) leading to higher
selectivities for the allenylic alcohol 185, due to fast addition of the propargylzinc species 187 to
aldehyde 183 before significant isomerisation to the thermodynamically favoured allenylzinc
species 188 could occur.
Following this work, Hyland and Pyne disclosed the diethylzinc-catalysed diastereoselective
allenylation of chiral α-amino aldehydes 191 with allenyl boronate 192 to give 1-allenyl-2-aminoalcohols 193 in moderate to high yields (78–96%) with high regioselectivity (Scheme 3.3a).56
Interestingly, Hyland and Pyne found the nitrogen protecting group of α-amino aldehydes 191 to
have a significant impact on the reaction diastereoselectivity. In the presence of N-Boc-protected
L-α-amino

aldehydes, the allenyl alcohol 193 was formed with moderate syn-selectivity, while

the doubly protected L-α-amino aldehyde (where R1 = Bn and R2 = Boc) gave allenyl alcohol 193
in high anti-selectivity. This could be explained by the proposed mechanism, in which the
coordination of the aldehyde and BocN–H in 197 leads to a nucleophilic attack via a
Cram–Chelation model and formation of the syn-product (Scheme 3.3b). This was in contrast to
the N-BnBoc-protected L-α-amino aldehyde which gave the anti-diastereomer by Felkin–Ahn
control (198) (where the NBnBoc is the large group by virtue of size and electronegativity).
Hyland and Pyne also demonstrated the synthetic utility of these substrates, converting the
1-allenyl-2-amino

alcohols

193

to

two

synthetically

useful

building

blocks,

allenyloxazolidinones 195 and 2,5-dihydrofurans 196 upon treatment with sodium hydride and
AuPPh3NTf2, respectively (Scheme 3.3a).
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Scheme 3.3. Diethylzinc-catalysed allenylation of chiral α-amino aldehydes 191 with allenyl boronate 192.
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3.3. Palladium(0)-Catalysed Reactions of Allenes

In addition to the zinc-catalysed allenylation reactions discussed above, there are several
processes which can transform simple, readily available allenes into more complex allenyl
systems. For example, Trost and co-workers investigated the palladium-catalysed asymmetric
allylic alkylation (AAA) of racemic allenyl acetates 199 via a dynamic kinetic asymmetric
transformation (DYKAT) (Scheme 3.4a).58 In the presence of palladium(0), tetrahexylammonium
chloride, base and (S,S)-DACH-phenyl Trost ligand L21, allenes 199 were reacted with
malonates 200 to form enantiomerically enriched allenes 201 in high yields.

Scheme 3.4. Palladium-catalysed asymmetric allylic alkylation of racemic allenyl acetates 199 performed
by Trost and co-workers.58

The authors also demonstrated the dynamic kinetic asymmetric addition of nitrogen-based
nucleophiles, such as N-benzylmethylamine and pyrrolidine to allenyl acetates 202
(Scheme 3.4b). These chiral (S)-(+)-allenamines 204 were generated in moderate to excellent
yields with high enantioselectivity (up to 95% ee) in the presence of 1.1 equivalents of amine 203
and an excess of cesium carbonate. However, when using a two-fold excess of amine the authors
observed formation of the opposite (R) enantiomer of allenamine 204 in lower enantiomeric
excess (28–65% ee). These reactions were proposed to proceed via two vinyl–allyl Pd(II)
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intermediates 205 and 206, which undergo rapid interconversion via π-σ-π isomerisation
(Scheme 3.4b).
Ma and Wan applied this concept to construct axially chiral allenyl amines 208 via the
decarboxylative amination of allenyl N-tosylcarbamates 207 (Scheme 3.5).59 Among the chiral
ligands tested, the (S)-DTBM-Segphos ligand L22 provided allenyl amines 208 in high yields
with excellent enantioselectivity. The authors also extended this reaction to allenyl carbamates
containing different protecting groups, with the isopropyl substituted allenyl carbamate
generating allenyl amine 208 with the highest enantiomeric excess of 97%. Similarly to the work
of Trost and co-workers,58 this reaction was proposed to proceed via the vinyl–allyl Pd(II)
intermediate 209 generated upon the addition of the palladium(0) catalyst to carbamate 207 and
concomitant decarboxylation.

Scheme 3.5. Palladium-catalysed enantioselective decarboxylative amination of allenyl
N-tosylcarbamates 207.

In 2018, the Trost group disclosed the palladium-catalysed [3 + 2] cycloaddition of racemic
tri-substituted allenyl TMM donors 211 with substituted olefins 210 to give highly substituted
carbo- and heterocycles 212 with good regio-, diastereo- and enantiocontrol (Scheme 3.6a).60
This reaction was shown to tolerate a wide range of electrophilic TMM acceptors 210 and allenes
211 containing alkyl, aryl and heteroaryl substituents. The plausible mechanism, which has been
provided in Scheme 3.6b, commences with ionisation of the allenyl TMM donor 211 to the
Pd-TMM complex 213, followed by desilylation to 214′. This species (214′) then interconverts
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with 214 via a DYKAT process to place the R-substituent and bulky palladium-complex on
opposite faces. Subsequent nucleophilic addition of 214 to 210 then generates intermediate 215
(with the R substituent on the allene and the acceptor syn to each other) which undergoes
nucleophilic attack at C1 to afford heterocycle 212 and regenerate the Pd(0) catalyst.

Scheme 3.6. A. Palladium-catalysed [3 + 2] cycloaddition of racemic tri-substituted allenyl TMM donors
211 with substituted olefins 210. B. Mechanistic proposal. Scheme adapted from Trost and co-workers. 60

A similar α-methylene-π-allylic palladium intermediate was recently proposed by Ma and Yu in
the palladium-catalysed reaction of allenylic carbonates 217 with phenols 216 (Scheme 3.7a).61
The 2,3-allenic aromatic ethers 218 were synthesised in good to excellent yields, when using mild
reaction conditions. Mechanistically, this reaction proceeds via oxidative addition of the
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palladium(0) catalyst to the 1,3-allenylic carbonate 217 with concomitant decarboxylation to form
the α-methylene-π-allylic palladium intermediate 219 (Scheme 3.7b). This species (219) then
undergoes nucleophilic allenylation with phenol 216 to afford the allenic aromatic ether 218 and
regenerate the palladium(0) catalyst. Ma and Yu also applied this reaction towards the total
synthesis of two naturally occurring allenes, eucalyptene A and terricollene A (Scheme 3.7b).

Scheme 3.7. A. Palladium-catalysed reaction of allenylic carbonates 217 with phenols 216.
B. Mechanistic Proposal. Scheme adapted from Ma and You. 61a

The reactivity of a more complex allenyl system, previously synthesised by Hyland and Pyne via
the zinc-catalysed allenylation of α-amino aldehydes (shown in Scheme 3.3), was then
investigated by Hyland and co-workers in the palladium-catalysed cross-coupling of
allenyloxazolidinones 219 with boronic acids (Scheme 3.8).62 This cross-coupling was found to
be chemodivergent, and could be tightly controlled by a switch in the reaction additive from
potassium carbonate to acetic acid. When using standard Suzuki−Miyaura conditions, the
allenyloxazolidinone 219 was converted to the 1,3-diene 221, while under acidic conditions the
allenyloxazolidinone was converted to 5-vinyloxazolidinone 220.
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Scheme 3.8. Divergent palladium-catalysed cross-coupling of allenyloxazolidinones 219 with boronic
acids performed by Hyland and co-workers.62

This divergence in reactivity was proposed to occur at the start of the catalytic cycle (Scheme 3.9).
In the presence of potassium carbonate (Pathway A), the palladium(0) catalyst undergoes
decarboxylative oxidative addition to the internal carbon of allene 219 to form the
palladium(II)-intermediate 222. This intermediate (222), which is stabilised by the carbonate
anion, then undergoes transmetalation with the activated boronate and reductive elimination to
form the 1,3-diene 221. This is in contrast to the reaction with acetic acid (Pathway B), which
proceeds via oxidative addition of the palladium(0) catalyst to acetic acid, followed by concerted
hydropalladation to form the palladium(II)-intermediate 224, transmetalation and reductive
elimination to 220. It is noteworthy to mention the different modes of transmetalation in each
reaction pathway. Pathway A proceeds via an activated boronate species, while pathway B
proceeds via direct transmetalation – potentially with the coordinated acetate assisting. This is
reflected in the substrate scope of the reaction, with electron-poor boronic acids (R1 = p- and
m-nitrophenyl) generating 1,3-dienes 221 in high yields – a pathway which favours formation of
the boronate due to the increased Lewis acidity of the arylboronic acid. In comparison, pathway B
involves direct transmetalation and is therefore favoured by more electron-rich boronic acids,
with

p-

and

m-nitrophenyl

boronic

acids

5-vinyloxazolidinones 220.
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failing

to

produce

the

corresponding

Scheme 3.9. Mechanistic proposal for the palladium-catalysed cross-coupling of allenyloxazolidinones 219
with boronic acids. Scheme adapted from Hyland and co-workers.62

3.4. Nickel(0)-Catalysed Cycloaddition Reactions of Allenes

To date, a considerable amount of literature has been published regarding the palladium-catalysed
reactions of allenes.58-61, 62 An alternative, and less-explored topic – which has received increased
attention over the last two decades – involves the reaction of allenes with nickel(0) or nickel(II)
catalysts. While this dissertation primarily focuses on the nickel(II)-catalysed reactions of allenes,
some nickel(0) reactions have been discussed below to establish context. These nickel(0)catalysed reactions also comprise a large portion of the literature pertaining to ‘nickel’ and
‘allenes’, with only few papers disclosing the nickel(II)-catalysed reactions of allenes.
In 2001, Cheng and co-workers reported the nickel(0)-catalysed [2 + 2 + 2] cocyclotrimerisation
of allenes 227 with propiolates 226 to give polysubstituted benzene derivatives 229 in good to
high yields with high chemo- and regioselectivity (Scheme 3.10a).63 As shown in Scheme 3.10b,
this reaction proceeds via the reduction of the nickel(II) precatalyst to nickel(0) in situ by zinc
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metal, followed by coordination of nickel(0) to two molecules of propiolate 226 (in structure 230).
Subsequent regioselective head-to-head oxidative cyclometalation then generates the
nickelacyclopentadiene 231, which upon insertion of allene 227 into the nickel(II)–carbon bond,
forms nickelacycloheptadiene 232. This species (232) then undergoes reductive elimination and
isomerisation to form the polysubstituted benzene 229 and regenerate the nickel(0) catalyst.

Scheme 3.10. A. Nickel(0)-catalysed [2 + 2 + 2] cocyclotrimerisation of allenes 227 with propiolates
226. B. Mechanistic proposal. Scheme adapted from Cheng and co-workers.63
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Interestingly, when replacing 226 with methyl phenylpropiolate 233 the authors observed
formation of benzene derivative 234 containing two meta-methoxycarbonyl groups
(Scheme 3.10c). This was proposed to be due to the steric encumbrance of methyl
phenylpropiolate and nickel(0) in structure 230, leading to head-to-tail oxidative cyclometalation
and formation of nickelacycloheptadiene 235. Notably, this reaction was also the first
intermolecular allene–alkyne co-cyclotrimerisation reported.
A year later, Cheng and co-workers investigated a second nickel(0)-catalysed [2 + 2 + 2]
cycloaddition of allenes 237 with electron-deficient diynes 236 (Scheme 3.11a).64 In the presence
of Ni(dppe)Br2 and zinc powder, tetrahydronapthalene and indane derivatives 239 were generated
in good to high yields (63–90%), with little to no competitive dimerization of diyne 236
(as observed in previous alkyne and diyne cycloaddition reactions).65 This method was also found
to be compatible with the oxygen-containing diyne 236a, affording the 1,3-dihydroisobenzofuran
239a in 63% yield. Notably, when using the unsymmetrical diyne 240 in the reaction, the authors
observed formation of the meta-isomer 245 as the sole product (Scheme 3.11b). This could be
explained by the proposed mechanism in which the nickelacyclopentadiene intermediate 241 is
formed via cyclometalation of nickel(0) and diyne 240. Subsequent insertion of allene 237 into
the Ni(II)–carbon bond of 241 forms nickelacycloheptadiene 242, which after reductive
elimination and isomerisation forms the meta-isomer 245. The formation of the ortho-isomer in
this case is less likely, due to the sterics involved in the formation of nickelacycle 243.
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Scheme 3.11. A. Nickel(0)-catalysed [2 + 2 + 2] cycloaddition of allenes 237 with electron-deficient
diynes 236. B. Mechanistic proposal. Scheme adapted from Cheng and co-workers.64

In 2004, the Cheng group used the same NiBr2(dppe)–Zn system to synthesise 10-methylene9,10-dihydrophenanthrenes 248 via the [2 + 2 + 2] cocyclotrimerisation of allenes 247 with two
equivalents of aryne 246 (Scheme 3.12a).66 The plausible mechanism proceeds via reduction of
the nickel(II) precatalyst to nickel(0) by zinc metal, followed by coordination of nickel(0) to the
internal double bond of allene 247 and one molecule of benzyne 246 (Scheme 3.12b). This
coordinated species (249) then undergoes cyclometalation to form the nickelacyclopentene 250,
which upon insertion of a second molecule of benzyne into the nickel(II)–carbon bond, forms
nickelacycloheptadiene 251. The cyclised product 252 is then generated via reductive elimination
of 251 and regeneration of the nickel(0) catalyst.
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Scheme 3.12. A. [2 + 2 + 2] cocyclotrimerisation of allenes 247 with two equivalents of aryne
246. B. Mechanistic proposal. Scheme adapted from Cheng and co-workers.66

While this plausible mechanism possesses several similarities to those discussed above (in
Schemes 3.10 and 3.11), some key differences exist. The above mechanisms involve reaction of
the terminal double bond of allenes 227 and 237, and the products 228 and 238 undergo
isomerisation to the more stable aromatic derivative. This is contrast to the cocyclotrimerisation
presented in Scheme 3.12b in which the allene 247 reacts via the internal double bond, and the
final products retain their exocyclic double bond without isomerisation. The only exception to
this internal bond reactivity was the disubstituted allene 253 which led to product 254 via reaction
at the external double bond of 253. This was presumably due to the sterics of the two methyl
substituents impeding coordination of nickel(0) to the internal double bond in intermediate 249.
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The Murakami group also used nickel(0) catalysis to generate enantiomerically enriched
dihydropyrimidine-2,4-diones 257 from 2 equivalents of isocyanate 256 and 1 equivalent of
allene 255 via a [2 + 2 + 2] cycloaddition reaction (Scheme 3.13a).67 Among the chiral ligands
tested,

the ferrocenyloxazolinylphosphine

(FOXAP)

ligand

L25

generated

the

dihydropyrimidine-2,4-diones 257 in low to high yields, with excellent regio- and
enantioselectivities (up to >20:1 rs and up to 99% ee). It is important to note that while the
reaction tolerated a range of monosubstituted allenes 255 and aryl isocyanates 256, the reaction
could not be extended to alkyl isocyanates such as hexyl isocyanate and tert-butyl isocyanate.

Scheme 3.13. A. Nickel-catalysed [2 + 2 + 2] cycloaddition of allenes 255 with isocyanates 256.
B. Mechanistic proposal. Scheme adapted from Murakami and co-workers.67

The plausible mechanism outlined in Scheme 3.13b commences with intermolecular oxidative
cyclisation of the nickel(0) catalyst with one molecule of isocyanate 256 and allene 255 to form
the five-membered aza-nickelacyclic intermediate 258. This intermediate (258) then expands to
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the seven-membered aza-nickelacycle 259 (and its equilibrated π-allylnickel species 260) via
insertion of a second equivalent of isocyanate into the nitrogen–nickel bond. The π-allylnickel
species (260) then undergoes intramolecular recombination at the more substituted allyl carbon
to furnish the dihydropyrimidine-2,4-dione 257 and regenerate the Ni(0) catalyst.

Alexanian and Noucti later demonstrated the nickel(0)-catalysed stereoselective [2 + 2 + 2]
cycloaddition of ene-allenes 261 with alkenes 262 (Scheme 3.14a).68 In the presence of Ni(cod)2
and a monodentate phosphine ligand P(o-tol)3, carbocycles 264 containing up to five contiguous
stereocenters were generated in good to high yields, as single diastereomers. Interestingly, a
ligand screen found this reaction to be sensitive to the phosphine ligand used (Scheme 3.14b).
When employing tributylphosphine in the reaction, the ene-allenes 261 were observed to undergo
alkenylative carbocyclisation to 263, while the bidentate diphosphine ligand Xantphos led to an
intramolecular [2 + 2] cycloaddition to cyclobutane 267. A plausible mechanism for the formation
of the [2 + 2 + 2] cycloadduct 264 and the alkenylative cyclisation product 263 is depicted in
Scheme 3.14b. The nickel(0) catalyst first undergoes oxidative coupling with the ene-allene 261
to form the cis-fused bicyclic nickelacycle 265, which upon insertion of alkene 262 forms
nickelacycle 266. This nickelacycle (266) in the presence of P(o-tol3) undergoes reductive
elimination to form the [2 + 2 + 2] cycloadduct 264. In contrast, the less-bulky and electron-rich
ligand, PBu3 results in β-hydride elimination and reductive elimination to give the alkenylative
cyclisation product 263. Notably, this reaction was the first [2 + 2] cycloaddition of ene-allenes
catalysed by a first-row transition metal.

82

Scheme 3.14. A. Nickel-catalysed [2 + 2 + 2] cycloaddition and alkenylative cyclisation of ene-allenes 261
with alkenes 262. B. Mechanistic proposal. Scheme adapted from Alexanian and Noucti.68

In 2015, Alexanian and Noucti re-examined this [2 + 2] cycloaddition and optimised the formation
of cyclobutane 269 (Scheme 3.15a).69 Among the ligands tested, the bidentate ferrocene-bridged
phosphine ligand L26 provided cyclobutanes 269 in moderate to high yields, as single
diastereomers. The scope of the reaction was also investigated and was shown to tolerate several
ene-allenes 268 containing heteroatom and malonate-tethers, and ene-allenes containing
electron-poor alkenes such as acrylates, acrylonitriles and enones. A plausible mechanism for the
formation of cycloadduct 269 is illustrated in Scheme 3.15b. The first step, which is analogous to
the above mechanism (shown in Scheme 3.14), involves coordination of the nickel(0) catalyst to
the alkene and proximal π-bond of ene-allene 268, followed by oxidative coupling to form the
cis-fused bicyclic nickelacycle 270. This nickelacycle (270) then undergoes reductive elimination
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to form the fused cyclobutane 269 and regenerate the nickel(0) catalyst. The authors also
discovered a second catalytic cycle when using trisubstituted allene 273 in the reaction. Instead
of the desired [2 + 2] cycloaddition, the ene-allene underwent cycloisomerisation to alder-ene
272. This was proposed to be due to the two methyl-substituents blocking the π-faces of the
internal allene π-bond, leading to oxidative coupling at the distal π-bond of the allene and
formation of nickel(II)-metallacycle 271. Subsequent β-hydride elimination and reductive
elimination then furnishes the alder-ene 272.69

Scheme 3.15. A. Nickel-catalysed [2 + 2] cycloaddition and cycloisomerisation of ene-allenes
268. B. Mechanistic proposal. Scheme adapted from Alexanian and Noucti.69

In 2014, Matsubara and Kurahashi investigated the nickel(0)-catalysed [3 + 2] cycloaddition of
allenes 275 with vinylcyclopropanes 274 (Scheme 3.16a).70 This reaction was shown to
accommodate a small range of monosubstituted allenes 275 and acyl- and ester-substituted
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vinylcyclopropanes 274, providing cyclopentanes 276 in low to excellent yields, as single
diastereomers. The plausible reaction mechanism shown in Scheme 3.16b begins with oxidative
addition of the nickel(0) catalyst to vinylcyclopropane 274 to form the oxanickelacycle 277. This
oxanickelacycle (277) then coordinates to the allene 275 to form intermediate 278, in which the
allene R1 substituent is positioned away from the oxanickelacycle framework to minimise steric
repulsion. Subsequent insertion of the allene into the nickel–carbon bond then forms the eightmembered oxanickelacycle 279, which following reductive elimination, generates carbocycle 276
and regenerates the nickel(0) catalyst. It is important to mention that this reaction does not proceed
via an analogous zwitterionic π-allyl species 280 to that discussed in Chapter 1. The stronger
Lewis acidity of nickel(II) compared to palladium(II) leads to formation of the oxanickelacycle
277 which allows for reaction with electron-rich, carbon–carbon unsaturated compounds such as
allene 275.70

Scheme 3.16. A. Nickel(0)-catalysed [3 + 2] cycloaddition of allenes 275 with vinylcyclopropanes
274. B. Mechanistic proposal. Scheme adapted from Matsubara and Kurahashi.70
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3.5. Nickel(0)-Catalysed Coupling and Cyclisation of Allenes

Nickel(0) catalysis has also found application in several inter- and intramolecular coupling and
cyclisation reactions of allenes. In 1999, Montgomery and Chevliakov published an eleven-step
total synthesis of (–)-α-kainic acid, a potent neuroexcitant isolated from the marine alga
Digenia simplex (Scheme 3.17a).71 The key step in this synthesis involved treatment of allene 281
with Ni(cod)2, MeLi/ZnCl2 and titanium isopropoxide to form 282 in moderate yield (57%) with
excellent diastereoselectivity (97:3 dr). This reaction was proposed to proceed via the nickel(0)
π-complex 283 in which nickel(0) is coordinated to the alkene and proximal allene π-systems in
an eclipsed orientation (Scheme 3.17b). This complex (283) then undergoes oxidative cyclisation
to the metallacycle 284, followed by transmetalation, carbon–carbon bond reductive elimination
and hydrolysis to 282. Notably, this reaction was the first report of a nickel-catalysed
allene/alkene cyclisation.

Scheme 3.17. Total synthesis of (–)-α-kainic acid from D-serine methyl ester performed by Montgomery
and Chevliakov.71b

In 2002, Montgomery and Song revisited this nickel(0)-catalysed cyclisation using tethered
allenyl aldehydes 285 as the reaction partner (Scheme 3.18a).72 The reaction was shown to tolerate
a limited range of mono- and 1,3-disubstituted allenes 285 and organozincs, affording
homoallylic alcohols 286 in moderate to high yields with high cis-selectivity. The plausible
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mechanism for this transformation, which is outlined in Scheme 3.18b, involves an analogous
nickel(0) π-complex 287 to that shown above, in which nickel(0) is coordinated to the aldehyde
and proximal allene π-systems. Subsequent oxidative cyclisation, transmetalation and reductive
elimination then forms the cis-homoallylic alcohol 286. The authors also proposed a second
pathway, in which the allenyl aldehyde participates in carbonickelation or nickel-catalysed
carbozincation to form intermediate 288, followed by addition of the allyl metal species to the
aldehyde.

Scheme 3.18. A. Nickel(0)-catalysed cyclisation of tethered allenyl aldehydes 285. B. Mechanistic
proposal. Scheme adapted from Montgomery and Song.72b

This nickel(0)-catalysed cyclisation was also employed by Montgomery and Amarasinghe in the
total synthesis of (+)-testudinariol A, a marine natural product isolated from Pleurobranchus
testudinarius (Scheme 3.19a).73 In the presence of dimethylzinc, Ni(cod)2 and titanium
isopropoxide, the allenyl aldehyde 289 was converted to cyclopentanol 290 in moderate yield
(62%) with excellent diastereoselectivity (>97:3). The proposed mechanism outlined in
Scheme 3.19b operates in a similar manner to those discussed above and involves the formation
of the nickel(0) π-complex 291, in which nickel(0) is coordinated to the aldehyde and proximal
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allene π-systems in an eclipsed fashion.73 The authors also note that the titanium isopropoxide
additive was not necessary for the reaction to proceed; however, its use led to higher yields and
diastereoselectivities of 290.73

Scheme 3.19. A. Total synthesis of (+)-testudinariol A. B. Mechanistic proposal. Scheme adapted from
Montgomery and Amarasinghe.73

In 2010, Montgomery and co-workers used the same nickel(0) catalyst to synthesise
γ,δ-unsaturated carbonyls containing 1,1-disubstituted alkenes (294) via the reductive coupling
of terminal allenes 292 with enones 293 (Scheme 3.20a).74 This coupling was found to be
compatible with a range of mono- and di-substituted allenes containing aliphatic, aromatic,
acetoxy and silyloxy substituents, as well as enones containing α-alkyl, β-alkyl and β-arylsubstituents. The plausible mechanism, which has been provided in Scheme 3.20b, involves the
formation of a seven-membered metallacycle 296 via the oxidative cyclisation of nickel(0), allene
292 and enone 293. This metallacycle (296) then undergoes σ-bond metathesis of the Ni–O and
Si–H bonds, reductive elimination and hydrolysis to provide the γ,δ-unsaturated carbonyl 294.
Interestingly, when performing the reaction in protic solvents (such as a mixture of
methanol/THF) or in the presence of protic reagents (such as hydroxy containing allenes), the
authors observed formation of regioisomer 295 as the major product. This was proposed to be due
to the addition of methanol to the metallacycle 296, prior to ethyl (from Et3B) or hydride (from
Et3SiH) transfer. These species (297 after methanol addition and 298 after ethyl transfer) can then
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interconvert via the π-allyl species 299 and 300, leading to regiochemical erosion and formation
of isomer 295 (instead of the desired isomer 294).

Scheme 3.20. A. Nickel(0)-catalysed reductive coupling of allenes 292 and enones 293. B. Proposed
mechanism. Scheme adapted from Montgomery and co-workers.74

In 2010, the Murakami group reported the enantioselective synthesis of 3,4-dihydro-1,2benzothiazine-1,1(2H)-dioxides 303 via the nickel(0)-catalysed denitrogenative annulation of
allenes 302 with 1,2,3,4-benzothiatriazine-1,1(2H)-dioxides 301 (Scheme 3.21).75 In the presence
of Ni(cod)2 and a chiral (R)-quinap ligand, a range of N-substituted 1,2,3,4-benzothiatriazine1,1(2H)-dioxides and monosubstituted allenes were converted to 3,4-dihydro-1,2-benzothiazine1,1(2H)-dioxides 303 in low to excellent yields with high regio- and enantio-selectivities. The
plausible mechanism, provided in Scheme 3.21, involves oxidative addition of the nickel(0)
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catalyst to the N–N bond of 301 with extrusion of nitrogen (N2) to generate the five-membered
azanickelacycle 305. This azanickelacycle (305) then forms the π-allylnickel intermediate 306 via
insertion of allene 302, which undergoes allylic amidation at the more substituted carbon of the
allyl moiety to form 303 and regenerate the nickel(0) catalyst. Interestingly, the authors found the
allylic amidation of π-allylnickel intermediate 306 to be substrate dependent. When using allenes
containing a primary or secondary alkyl group at R2, the 3,4-dihydro-1,2-benzothiazine-1,1(2H)dioxides 303 were generated via allylic amidation at the more substituted carbon of the allyl
moiety. This was in contrast to substrate 302a which contained a tert-butyl substituent and led to
product 304 via allylic amidation at the primary allylic carbon, as a result of steric repulsion
around the tert-butyl substituent.75

Scheme 3.21. Nickel-catalysed denitrogenative annulation of 1,2,3,4-benzothiatriazine-1,1(2H)dioxides 301 with allenes 302. Scheme adapted from Murakami and co-workers.75

A more recent study by Dong and Zhou employed nickel(0) catalysis in the intramolecular (4 + 2)
coupling of allenes with cyclobutanones (Scheme 3.22a).76 The resultant biologically relevant
[3.2.2] hetero- and carbocycles 308 were furnished in moderate to excellent yields with high
chemo- and enantioselectivity when using catalytic Ni(cod)2 and a monodentate phosphine ligand
(PPh3). This reaction was compatible with a range of substrates, including 1,1,3-trisubstituted
allenes containing cycloalkyl and gem-dialkyl substituents, as well as cyclobutanones containing
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alkyl, aryl and hydrogen substituents at R1. A notable exception to this success was
1,3,3-trisubstituted allenes and tetrasubstituted allenes 309 which failed to react, presumably due
to steric hindrance in the cyclometalation step. The authors also developed an enantioselective
variant of this reaction when using the TADDOL-derived phosphoramidite L27, providing the
(4 + 2) product 311 in moderate to high yields, with excellent er (Scheme 3.22b).

Scheme 3.22. Nickel-catalysed intramolecular (4 + 2) coupling of allenes with cyclobutanones
performed by Dong and Zhou.76

3.6. Nickel(II)-Catalysed Reactions of Allenes

The

above

reactions

utilise

commercially

available

nickel(0)

catalysts

such

as

bis(cyclooctadiene)nickel(0) or those generated from the reduction of nickel(II) precatalysts with
zinc metal in situ. An alternative, and a less-explored reaction mode of allenes involves the use
of nickel(II) catalysts, which pose several benefits due to their low cost and air-stability relative
to nickel(0) catalysts. In 2017, Bandini and co-workers disclosed a two- and three-component,
one-pot coupling of allenamides 312, boronic acids and aldehydes in the presence of a nickel(II)
catalyst (Scheme 3.23a).77 These reactions were found to be compatible with several arylboronic
acids, allenamides and aldehydes, affording trisubstituted tertiary enamides 313 and enamidylalcohols 314 in high yields, with high selectivity for the (E)-isomer. The proposed mechanism for
this reaction, which was unveiled by Bandini and Lopez a year later using control experiments
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and DFT calculations is shown in Scheme 3.23b.78 The first step involves formation of the nickelattached phenyl borate 315, which following transmetalation forms the phenyl nickel complex
316. This complex (316) then coordinates to the allenamide 312 and undergoes regioselective
insertion of the Ni–Ph bond into the double bond of the allene to form allylic-Ni intermediates
317a and 317b. Allylic protonation and ligand dissociation then occur to form 318 and regenerate
the nickel catalyst. The authors also confirmed the requirement for a conjugate amidyl unit, with
allene 319 failing to return any cross-coupled product.

Scheme 3.23. Nickel(II)-catalysed two- and three-component, one-pot coupling of allenamides 312,
boronic acids and aldehydes. B. Mechanistic proposal. Scheme adapted from Bandini and Lopez. 78
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Shortly after, Lam and co-workers disclosed the intramolecular 1,4-allylation of species 322,
generated upon the nickel(II)-catalysed addition of arylboronic acids to allenyl cyclohexa-2,5dienones 320 (Scheme 3.24a). In the presence of Ni(OAc)2•4H2O and phosphinooxazoline ligand
L29, the desired hexahydroindol-5-ones and hexahydrobenzofuran-5-ones 321 containing three
contiguous stereocenters were synthesised in low to high yields with high diastereo- and
enantioselectivities. This reaction was shown to tolerate a range of N-sulfonyl- and O-tethered
allenyl cyclohexa,1,5-dienones and arylboronic acids containing ortho-, meta- and parasubstituents. One exception to this success was allene 320a containing a two-carbon tether
between the allene and cyclohexa-2,5-dienone, which led to trace 6,6-bicycle 321a and unreacted
starting material.

Scheme 3.24. Nickel(II)-catalysed addition of arylboronic acids to allenyl cyclohexa-2,5-dienones 320.
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Curiously, 4-trimethylsilylphenyl boronic acid and arylboronic acids containing strong
electron-withdrawing substituents (such as 4-acetyl and 3-cyano) led to the formation of phenol
326 alongside the desired 6,5-bicycle 321. This was postulated to be due to enolization of ketone
323, followed by ring-opening of furan 324 and proton loss (Scheme 3.24b). The authors found
this ring-opening process (from 325 to 326) to be promoted by the presence of a Brønsted acid,
with 6,5-bicycle 327 and TsOH•H2O generating phenol 328 in 65% yield.
In 2018, the Lam group reported a method to synthesise biologically and synthetically useful
cis-indanols 331 via the nickel(II)-catalysed annulation of activated allenes 330 with
2-acetyl and 2-formylarylboronic acids 329 (Scheme 3.25a).79 This reaction was compatible with
several arylboronic acids (where R1 = H or Me, and R2 = H, 3-F or 4-Cl), and mono- and
disubstituted allenes (where R3 = ester, amide or phenylketone, and R4 = H or Me).
It is also important to mention the success of the sterically demanding 1,1-disubstituted allenes
338 in this reaction. These substrates were found to be incompatible in an analogous annulation
of

allenoates

with

2-formylarylboronic

acids

performed

by

Lu

and

Yu

under

palladium-catalysis,80 and therefore represent the potential for substrate expansion under
nickel(II)-catalysis. The plausible mechanism, which is outlined in Scheme 3.25b, proceeds via
transmetalation of the Ni(II) catalyst with the arylboronic acid 329 to generate the arylnickel
species 332. This species (332) then undergoes arylnickelation with allene 330 to form the
allylnickel intermediate 333 which can then form 334 via σ– π– σ isomerisation. Finally,
intramolecular allylation ensues via a cyclic six-membered transition state (335) to form the
cis-indanol 331. The authors also propose a second pathway in which the allylnickel
intermediate (333) interconverts with the O-bound nickel enolate 336, which followed by aldol
cyclisation via a second six-membered transition state 337, forms the cis-indanol 331.
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Scheme 3.25. A. Nickel(II)-catalysed annulation of activated allenes 330 with 2-acetyl
and 2-formylarylboronic acids 329. B. Proposed mechanism. Scheme adapted from Lam and
co-workers.79

More recently, Lam and co-workers disclosed the enantio- and diastereoselective
nickel(II)-catalysed 1,2-allylation of tethered allene-α-ketoamides 339 with arylboronic acids
(Scheme 3.26a).81 This method provided a unique and efficient entry to pyrrolidin-2-ones 340
containing a C-3 tertiary alcohol in moderate to excellent yields, with excellent enantio- and
diastereoselectivities. The scope of this 1,2-allylation was shown to tolerate a wide range of
tethered allene-α-ketoamides (where R1 = Ph, 2-furyl and alkyl) and arylboronic acids containing
para-, meta- and ortho- acetoxy, halide, cyano and alkyl substituents. Furthermore, the
N-paramethoxybenzyl tether of 339 could be replaced with N-tosyl, N-benzyl and malonate
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tethers (341), providing access to other heterocycles such as pyrrolidines, cyclopentanes and
piperidines.

Scheme 3.26. A. Nickel(II)-catalysed 1,2-allylation of tethered allene-α-ketoamides 339 with arylboronic
acids. B. Proposed Mechanism. Scheme adapted from Lam and co-workers.81 C. Pyrrolidin-2-onecontaining natural products, Pramanicin and Norsecurinamine A.

A plausible catalytic cycle, using allene–ketone 340a and phenylboronic acid as representative
reaction partners is shown in Scheme 3.26b. The chiral nickel(II) complex 342 first undergoes
transmetalation with phenylboronic acid to form the phenylnickel species 343, with the
π-accepting phosphorus atom situated trans to the phenyl ligand. This species (343) then
undergoes arylnickelation with the internal double bond of allene–ketone 339a to form the
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σ-allylnickel species 344 and its (Z)- and (E)-isomers 345 (via σ–π–σ isomerisation). The
pyrrolidin-2-one 340a is then formed by nucleophilic allylation of the (Z)-isomer of 345 via a
six-membered chair-like transition state 346, ligand reassociation of (OR⁻) and protonolysis.
Critically, these pyrrolidin-2-ones 340 also form the core structures of several natural products,
including norsecurinamine A82, pramanicin83 and cytochalasin Z10 (Scheme 3.26c). 81

3.7. Project Aims

The primary aim of this project was to develop a synthetic route towards allenyl
benzoxazinanones 348 – a novel molecular building block designed by Associate Professor
Christopher Hyland and PhD Candidate, Melissa Bird (Scheme 3.27). To achieve this aim,
the allenyl benzoxazinanone 348 will be synthesised from commercially available anthranilic
acids 150 using a modified three-step procedure reported by Jørgensen and co-workers,35d
followed by diethylzinc-catalysed allenylation and base-catalysed ring closure using procedures
adapted from Fandrick54 and Hyland and Pyne.56

Scheme 3.27. Proposed synthesis of allenyl benzoxazinanones 348 using procedures adapted from
Jørgensen and co-workers,35d Fandrick54 and Hyland and Pyne.56

The novel allenyl benzoxazinanones 348 will then be used in the second aim of this project – to
investigate the reactivity of allenyl benzoxazinanones 348 under transition metal catalysis
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(Scheme 3.28). The allenyl benzoxazinanone 348 will first be reacted under palladium(0)
catalysis (Scheme 3.28a), inspired by palladium-catalysed [3 + 2] cycloaddition of tri-substituted
allenyl TMM donors with substituted olefins performed by Trost and co-workers (shown in
Scheme 3.6). It was hypothesised that the allenyl benzoxazinanone 348 could undergo oxidative
addition with a palladium(0) catalyst with concomitant decarboxylation to form the vinyl–allyl
Pd(II) species 349. This species (349) could then be intercepted by electron-deficient olefins such
as β-nitrostyrene or benzylidenemalononitrile 350 to furnish highly functionalised
dihydroquinoline cycloadducts 351 containing a pendant allene moiety. It is important to note that
while palladium-catalysed nucleophilic substitution of simple allenyl systems is well established
in the literature, the cycloaddition type reaction presented in Scheme 3.28a represents an
unprecedented mode of reactivity.

Scheme 3.28. Proposed transition metal-catalysed reactions of allenyl benzoxazinanones 348. Inspired by
the work of Trost,60 Hyland62 and Lam.81
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As the allenyl benzoxazinanone 348 possesses some structural some similarities to the
5-allenyloxazolidinone (219) shown in Scheme 3.8, it was reasoned that the allenyl
benzoxazinanone could participate in the palladium-catalysed cross-coupling with boronic acids.
This would provide access to functionalised 1,3-dienes 353, which could undergo a further
intramolecular Diels–Alder reaction to tetrahydrophenanthridines 354 (Scheme 3.28b). The
synthesis of these 1,3-dienes 353 could also be achieved using nickel(II) catalysis, inspired by the
work of Lam and co-workers (discussed in Scheme 3.26). The tentative mechanism for this
transformation would proceed via transmetalation of the nickel(II) catalyst with the boronic acid
to form an arylnickel(II) species (Scheme 3.28c). This species could then undergo insertion at the
double bond of allene 348 to form σ-allylnickel species 355 or 356, which following elimination
of the nickel(II) catalyst and decarboxylation, would form the 1,3-diene 353.
Those successful of the above-mentioned reactions will then be optimised through several
screening procedures (ligand, solvent, catalyst and reaction additives), followed by an
investigation into the substrate scope of the reaction. The reaction mechanism will also be
investigated using control experiments and density functional theory calculations performed by
collaborators, Dr. Richmond Lee and PhD Candidate, Eric Chao.
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Chapter 4. Results and Discussion
4.1. Synthesis of Allenyl Benzoxazinanones
Prior to investigating the transition metal-catalysed reactions proposed in Scheme 3.28, the novel
allenyl benzoxazinanones (348a–i) had to be synthesised. This was achieved by adapting a
two-step procedure developed in our research group involving the diethylzinc-catalysed
allenylation of N-protected 2-aminobenzaldehydes 153a–i, followed by base-catalysed ring
closure to the allenyl benzoxazinanones 348a–i (Scheme 4.1a).54, 56

Scheme 4.1. A. Proposed synthesis of the novel allenyl benzoxazinanones 348a–i using a two-step
procedure adapted from Hyland and Pyne.54, 56 B. Synthesis of N-protected 2-aminobenzaldehydes
(153a–i) from the corresponding commercially available anthranilic acids (discussed in detail in
Section 2.1).35d, 56, 84

The synthesis of the starting N-protected 2-aminobenzaldehydes (153a–i) was also achieved using
a modified three-step procedure from the corresponding commercially available anthranilic
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acids (Scheme 4.1b).35d,

56, 84-85

These steps, which were discussed in detail in Section 2.1,

consisted of reduction of the anthranilic acid 150a–h to the alcohol 151a–h, N-protection to the
carbamate 152a–i and oxidation to the corresponding N-protected 2-aminobenzaldehyde. This
synthesis was amenable to a range of anthranilic acids, providing the N-protected
2-aminobenzaldehydes 153a–i in low to excellent yields (34–96%).
4.1.1. Zinc-Catalysed Allenylation

With the N-protected 2-aminobenzaldehydes (153a–i) in hand, the zinc-catalysed allenylation
could then be performed. The reaction was first attempted as per the established procedure,54, 56
using 10 mol% of diethylzinc and 1.10 equiv. of allenylboronic acid pinacol ester 357 in
anhydrous toluene at 0 °C (Table 4.1, entry 1). Pleasingly, after stirring the reaction mixture for
24 hours, thin layer chromatography (TLC) analysis showed complete consumption of the starting
N-protected 2-aminobenzaldehyde 153a. The formation of the allenyl alcohol 347a was
confirmed by analysis of the 1H NMR spectrum of the crude material, which contained a multiplet
resonance at δ 4.94–4.91 (2H) and a quartet resonance at δ 5.47 (1H) assigned to the allene protons
CH=C=CH2 and CH=C=CH2, respectively. The allenyl alcohol 347a was further confirmed by
the resonance at δ 5.31 assigned to the methine proton (CH–CH=C=CH2), and the disappearance
of the diagnostic CHO resonance at δ 9.91 from the starting N-protected 2-aminobenzaldehyde
153a. The propargyl regioisomer 358a, though only present in a small quantity, was also verified
by the presence of two doublet of doublet resonances at δ 2.85 and δ 2.65 with a combined
integration of 2H, corresponding to the methylene protons (CH2–C≡CH).
To increase the regioselectivity of the reaction towards the allenyl alcohol 347a, two other zinc
variations (Et2Zn in hexane and i-Pr2Zn in toluene) were tested in the reaction (entries 2 and 3).
In each case, the conversion to 347a/358a was reduced (to 67 and 77%, respectively), with the
product mixture having a greater preference for the propargyl alcohol 358a. Additionally, the
N-Boc-protected 2-aminobenzaldehyde 153i which was optimal in the diethylzinc-catalysed
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allenylation of L-α-amino aldehydes performed by Hyland and Pyne56 was tested in the reaction;
however, a slight reduction in the allene/propargyl (347i/358i) selectivity was observed (entry 4).
Table 4.1. Selected optimisation for the zinc-catalysed allenylation
2-aminobenzaldehydes using methyl (2-formylphenyl)carbamate (153a)
(2-formylphenyl)carbamate (153i) as model substrates.

of N-protected
and tert-butyl

Entry

PG

Zinc Reagent

Conversion
(%)a

Regioselectivity
(347a,i/358a,i)a

1

CO2Me

Et2Zn
(15 wt% tol.)

100

77:23

2

CO2Me

Et2Zn
(1.0 M hex.)

67

40:60

3

CO2Me

iPr2Zn
(1.0 M tol.)

77

45:55

4

Boc

Et2Zn
(15 wt% tol.)

100

71:29

Reagents and conditions: 153a/153i (1.00 equiv.), 357 (1.10 equiv.) and zinc reagent (10 mol%) in toluene
(0.35 M) at 0 °C for 24–41 h. aCalculated from the 1H NMR spectrum of the crude reaction mixture.

4.1.2. Base-Catalysed Ring Closure
The crude mixture of the allenyl 347a and propargyl alcohol 358a (from Table 1, entry 1) was
then subjected to base-catalysed ring closure using sodium hydride (Scheme 4.2a). After stirring
the reaction mixture at 0 °C for 2 hours, TLC analysis showed complete consumption of the
allenyl alcohol 347a, with the formation of a less polar product which was isolated by FCC as a
bright yellow solid in 67% yield. Analysis of the 1H NMR spectrum of this product revealed the
formation of the 1,3-enyne 359a, instead of the desired allenyl benzoxazinanone 348a. This was
evidenced by the doublet of doublet resonance at δ 3.05 in the 1H NMR spectrum assigned to the
CH of the terminal alkyne, and two resonances further downfield at δ 7.12 and δ 6.02
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(J = 15.9 and 16.1 Hz, respectively) arising from the trans-coupled alkene. This assignment was
further supported by HRMS which contained a peak at m/z 144.0819 that was assigned to the
protonated molecular ion [M + H]+ (calcd for C10H10N, 144.0813), and analysis of the IR spectrum
which contained two bands at 3471 and 3383 cm-1 characteristic of primary amine N–H stretches,
with no visible amide C=O stretch (⁓1680 cm-1). In retrospect, the formation of the
1,3-enyne 359a was unsurprising, given that an excess of base caused 5-allenyloxazolidinone 219
synthesised by our group to undergo a similar decarboxylative conjugate elimination to the
1,3-enyne 360 (Scheme 4.2b).56

Scheme 4.2. A. Base-catalysed ring closure of the allenyl and propargyl alcohol mixture (347a and 358a).
B. Decarboxylative conjugate elimination of 5-allenyloxazolidinone 219 to the 1,3-enyne 360 observed by
Hyland and Pyne.86

As the allenyl benzoxazinanone 348a was prone to decarboxylative conjugate elimination in the
presence of excess sodium hydride, it was replaced with potassium tert-butoxide, a base which is
easier to handle and weigh accurately (Table 4.2, entries 2–5).*** Gratifyingly, when using 1.00
equivalent of potassium tert-butoxide in the reaction (entry 3), the allenyl benzoxazinanone 348a
was selectively formed (as determined by 1H NMR analysis of the crude material). The quantity

***

Sodium hydride dispersed in mineral oil proved difficult to weigh out in small quantities, given its tendency to
clump together. Therefore, free-flowing potassium tert-butoxide which is easier to handle and weigh was used in its
place. Potassium tert-butoxide is also available as a solution (1.0 M in THF) allowing for the controlled addition of
base via syringe.
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of potassium tert-butoxide could be reduced even further to a catalytic amount (entry 5), albeit
with an increase in the reaction time to 24 hours (or overnight).
Table 4.2. Selected optimisation of the base-catalysed ring closure of allenyl alcohol 347a and
propargyl alcohol 358a.

Entry

Base

Equiv.

Time (h)

Major Producta

1

NaH

2.00

2

359a

2

KOtBu

2.00

1

359a

3

KOtBu

1.00

1

348a

4

KOtBu

0.50

2

348a

5

KOtBu

0.20

24

348ab

Reagents and conditions: 347a/358a (1.00 equiv.), base (0.20–2.00 equiv.) in THF (0.30 M) at 0 °C for
1–24 h. aDetermined by 1H NMR analysis of the crude material. bIsolated in 48% yield.

The formation of allenyl benzoxazinanone 348a was verified by analysis of the 1H NMR
spectrum, which contained a quartet resonance at δ 5.48 (1H) and a resonance at δ 4.92 (2H)
indicative of the allene protons CH=C=CH2 and CH=C=CH2, respectively. Furthermore, the
resonance of the methine proton CH–CH=C=CH2 shifted from δ 5.31 in the starting allenyl
alcohol 347a to δ 5.89 in the allenyl benzoxazinanone 348a, consistent with proton deshielding
by the adjacent carbamate group. This assignment was further supported by analysis of the
13

C NMR spectrum which contained a resonance at δ 209.5 assigned to the central allene carbon,

and the HRMS which contained a peak at m/z 210.0529 assigned to the sodiated molecular ion
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[M + Na]+ (calcd for C11H9NO2Na, 210.0531). The allenyl benzoxazinanone 348a structure was
also unambiguously confirmed by X-ray crystallographic analysis (Scheme 4.3c).†††
The mechanism for the formation of the allenyl benzoxazinanone 348a proceeds via
deprotonation of the alcohol group of allenyl alcohol 347a, followed by nucleophilic attack of the
alkoxide on the carbamate carbonyl to generate the allenyl benzoxazinanone 348a (Scheme 4.3a).
It is important to note that this reaction only requires a catalytic amount of base, given the
methoxide (or tert-butoxide) released on ring-closure to the allenyl benzoxazinanone 348a. This
alkoxide can then deprotonate a second molecule of the allenyl alcohol 347a, leading to the
generation of 348a and more alkoxide. In the presence of excess base (> 1.00 equiv.) however,
the distal allenyl proton is deprotonated and decarboxylative conjugate elimination ensues to give
the 1,3-enyne 359a (Scheme 4.3b).

Scheme 4.3. A. Mechanism for the formation of allenyl benzoxazinanone 348a from allenyl alcohol
359a. B. Mechanism for the formation of 1,3-enyne 359a from allenyl benzoxazinanone 348a. C. X-ray
crystal structure of allenyl benzoxazinanone 348a.

With the zinc-catalysed allenylation and base-catalysed ring closure optimised, this two-step
procedure could be applied to a range of N-protected 2-aminobenzaldehydes 153a–i, leading to
allenyl benzoxazinanones 348a–i in low to moderate yields (11–48%) (Scheme 4.4). This low to
†††

Performed by Dr. Christopher Richardson from the University of Wollongong.

105

moderate yield was attributed to three factors: (1) the incomplete consumption of N-protected
2-aminobenzaldehyde (153) for substrates 348b–g in the zinc-catalysed allenylation;‡‡‡ (2)
formation of the propargyl regioisomer 358 (in up to 64:36, 347:358 for substrate 348e); and (3)
formation of the 1,3-enyne 359 via decarboxylative conjugate elimination for substrate 348i
(61:39, 348i:359), despite the use of catalytic quantities of potassium tert-butoxide.

Scheme 4.4. Synthesis of allenyl benzoxazinanones 348a–i from N-protected
2-aminobenzaldehydes 153a–i using a two-step procedure adapted from Hyland and Pyne. 54, 56
The allenylation reaction was also attempted on tert-butyl (2-formylphenyl) carbonate
(where N–CO2Me = OBoc); however, the reaction resulted in decomposition of the starting
aldehyde as determined by 1H NMR analysis of the crude material.

‡‡‡

In most cases, the percentage conversion of the N-protected 2-aminobenzaldehyde (153) to the allenyl alcohol 347
was greater than 95%, with the exception of substrate 153c which had a lower conversion of 88%.
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4.2. Palladium-Catalysed (4 + 2) Cycloaddition of Allenyl Benzoxazinanones with Dipolarophiles

With the desired allenyl benzoxazinanones (348a–i) in hand, the palladium-catalysed (4 + 2)
cycloaddition proposed in Scheme 3.28a could then be investigated. The reaction was first
attempted using allenyl benzoxazinanone 348a and the reactive doubly-activated Michael
acceptor, benzylidenemalononitrile 361 (Scheme 4.5a, i). After stirring the reaction mixture for
48 hours at room temperature, analysis of the 1H NMR spectrum of the crude material revealed
unreacted allenyl benzoxazinanone 348a and benzylidenemalononitrile 361, with no resonances
indicative of dihydroquinoline 362 formation.

Scheme 4.5. A. Palladium-catalysed (4 + 2) cycloaddition of allenyl benzoxazinanone 348a with
benzylidenemalononitrile 361. B. Palladium-catalysed (4 + 2) cycloaddition of allenyl
benzoxazinanone 348a with benzylidenemalononitrile and β-nitrostyrene. nr = no reaction.

The reaction solvent was then switched from dichloromethane to tetrahydrofuran, the solvent
which

was

optimal

for

the

palladium-catalysed

(4 + 2)

cycloaddition

of

vinyl

benzoxazinanones 147 with 3-nitroindoles 148 (see Chapter 2). However, when conducting the
reaction at room temperature (Scheme 4.5a, ii) and at 60 °C (Scheme 4.5a, iii) the
dihydroquinoline 362 was not formed, with the reaction at 60 °C showing complete consumption
of the allenyl benzoxazinanone 348a (as determined by analysis of the 1H NMR spectrum of the
crude reaction mixture).
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The inability for the allenyl benzoxazinanone 348a to participate in the palladium-catalysed
cycloaddition above was surprising, given the success of allenyl TMM donors in the
palladium-catalysed asymmetric [3 + 2] cycloaddition with β-imino nitro olefins, which
proceeded via an analogous vinyl–allyl Pd intermediate (Scheme 4.6).60 To closely replicate the
conditions of Trost and co-workers,60 the reaction was repeated using triphenyl phosphite in
toluene (Scheme 4.5b, i) and with β-nitrostyrene as the dipolarophile (Scheme 4.5b, ii). However,
in each case, no desired dihydroquinoline 362 was formed with little to no starting allenyl
benzoxazinanone 348a detected by 1H NMR analysis. This low reactivity could potentially be
due to the decreased nucleophilicity of the anilide anion 363 generated upon oxidative addition
and decarboxylation (compared to 214), through delocalisation of the nitrogen lone pair
(Scheme 4.6). This in turn would lead to insufficient nucleophilicity and decrease the likelihood
of nucleophilic attack on the dipolarophile (361).

Scheme 4.6. Palladium-catalysed [3 + 2] cycloaddition of racemic tri-substituted allenyl TMM donors 211
with substituted olefins 210 performed by Trost and co-workers.60

4.3. Palladium-Catalysed Cross-Coupling of Allenyl Benzoxazinanones with Boronic Acids

As the allenyl benzoxazinanone was unable to participate in the proposed palladium-catalysed
(4 + 2) cycloaddition under the conditions discussed above, the palladium-catalysed
cross-coupling of the allenyl benzoxazinanone 348a with boronic acids 352 was next explored
(Scheme 4.7a). This methodology, developed by Hyland and co-workers,62 would provide access
to the 1,3-diene 353 which could undergo a further intramolecular Diels–Alder (IMDA) reaction
to the functionalised tetrahydrophenanthridine 354.
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Scheme 4.7. A. Proposed palladium-catalysed cross-coupling of allenyl benzoxazinanone 348a with
boronic acids 352 inspired by the work of Hyland and co-workers.62 B. Attempted palladium-catalysed
cross-coupling of allenyl benzoxazinanone 348a with 4-methoxyphenylboronic acid 352a. *Not isolated
by FCC but proposed structure.

To our delight, when reacting allenyl benzoxazinanone 348a with 4-methoxyphenylboronic
acid 352a in the presence of catalytic Pd2(dba)3•CHCl3, potassium carbonate and a sterically bulky
phosphite ligand (L24), the desired 1,3-diene 353a did form (Scheme 4.7b). This was confirmed
by analysis of the 1H NMR spectrum of the crude material, which contained a doublet and
multiplet resonance at δ 5.20 and δ 5.34–5.35, respectively, which were assigned to the terminal
alkene protons (=CH2). The crude reaction material was then subjected to FCC using silica gel
and base-washed silica gel; however, both conditions led to decomposition of the 1,3-diene 353a.
This was not surprising, given the susceptibility of 1,3-dienes to polymerisation under acidic
conditions,87 and with the analogous 1,3-dienes 221 synthesised by Hyland and coworkers62
observed to decompose after storage at 0 °C for three months.62, 87 This was also the case for the
1,3-diene 353a which was observed to decompose after storage at 0 °C for one month (identified
by a reduction of 1,3-diene 353a in the 1H NMR spectrum of the crude material when using methyl
3,5-dinitrobenzoate as an internal standard).
It was hypothesised that the rate of decomposition of the 1,3-diene 353a could be reduced by
introducing an electron-withdrawing protecting group on the nitrogen atom (such as N-tosyl or
N-nosyl). This would result in greater stabilisation of the nitrogen anion 364 which is generated
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upon decarboxylative oxidative addition (Scheme 4.8a). The allenyl benzoxazinanone 348a was
therefore subjected to N-tosylation using sodium hydride and p-toluenesulfonyl chloride in
dimethylformamide at room temperature for 22 hours (Scheme 4.8b). After this time, analysis of
the 1H NMR spectrum of the crude material revealed formation of the N-tosylated allenyl
benzoxazinanone 365 confirmed by the disappearance of the broad singlet resonance at δ 8.78
previously assigned to the NH of allenyl benzoxazinanone 348a, and the appearance of three
resonances at δ 8.13 (2H), δ 7.39 (2H) and δ 2.47 (3H) corresponding to the four aromatic CH
protons and the CH3 of the tosyl group. However, when subjecting the crude mixture of 365 to
FCC the N-tosyl allenyl benzoxazinanone 365 was observed to undergo decarboxylative
conjugate elimination to the N-tosylated 1,3-enyne 367 (Scheme 4.8b). The N-tosyl allenyl
benzoxazinanone 365 was therefore not trialled in the palladium-catalysed cross-coupling with
boronic acids, and attention was shifted to the reaction of unprotected allenyl
benzoxazinanones 348a with other transition metal catalysts.

Scheme 4.8. A. Proposed palladium(II) intermediate generated upon decarboxylative oxidative elimination
of allenyl benzoxazinanone 348a. B. Attempted N-tosylation of allenyl benzoxazinanone 348a.
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4.4. Nickel-Catalysed Reaction of Allenyl Benzoxazinanones with Boronic Acids

Taking inspiration from the nickel-catalysed 1,2-allylations of allene–ketones 348 with
arylboronic acids performed by Lam and co-workers (Scheme 4.9a), it was decided to examine
other transition metal catalysts in the reaction of allenyl benzoxazinanone 348a with
4-methoxyphenylboronic acid 352a. The first transition metal catalyst used was Ni(OAc)2 4H2O
●

(10 mol%) alongside the chiral phosphinooxazoline (PhOx) ligand L31 (10 mol%)
(Scheme 4.9b). This catalyst system was chosen due to its previous success in the nickel-catalysed
cyclisations performed by Lam and co-workers,88 as well as the low cost and greater air-stability
of Ni(OAc)2 4H2O relative to other nickel(II) and nickel(0) catalysts.89
●

Scheme 4.9. A. Nickel(II)-catalysed 1,2-allylation of tethered allene-α-ketoamides 339 with
arylboronic acids performed by Lam and co-workers.81 B. Attempted nickel-catalysed reaction of
allenyl benzoxazinanone 348a with 4-methoxyphenylboronic acid 352a. *Not isolated by FCC but
proposed structure.

After heating the reaction mixture at 80 °C for 24 hours, analysis of the 1H NMR spectrum of the
crude material revealed a doublet resonance at δ 5.20 and a multiplet resonance at δ 5.34–5.35,
consistent with 1,3-diene (353a) formation (Scheme 4.9). This was accompanied by two new
doublet resonances further downfield at δ 6.32 and δ 5.55 which exhibited coupling (J = 9.7 Hz),
assigned to the vicinal cis-coupled alkene of dihydroquinoline 368. This assignment was further
supported by analysis of the gHMBC spectrum which showed a correlation between the
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quaternary carbon resonance at δ 57.0 assigned to NH–C–CH3 and two resonances in the 1H NMR
spectrum at δ 5.55 and δ 1.70, assigned to N–C–CH=CH and CH3, respectively. Finally, the novel
dihydroquinoline 368 was verified by the presence of a peak at m/z 252.1390 in the HRMS that
was assigned to the protonated molecular ion [M + H]+ (calcd for C17H18NO, 252.1388).
Encouraged by this initial result with Ni(OAc)2 4H2O and L30 (shown in Scheme 4.9b), a
●

preliminary ligand, solvent and catalyst screen was conducted (Tables A–C). These tables have
been provided in Appendix 2, as a second ligand, solvent and catalyst screen was performed at a
later date (Tables 4.3–4.6). It is important to note from this preliminary screen that the
dihydroquinoline 368 was formed in 20% NMR yield (and 20% conversion) when using catalytic
NiCl2•6H2O and a bathophenanthroline ligand (Table C, entry 2) (Scheme 4.10). Given that this
NMR yield was high with respect to the reaction conversion (25%), this reaction was repeated
with heating to 100 °C and afforded the dihydroquinoline 368 in an isolated yield of 53%
(Scheme 4.10). The NiCl2•6H2O catalyst was therefore chosen as the optimal catalyst when
completing the second optimisation (shown in Tables 4.3–4.6).

Scheme 4.10. Nickel-catalysed reaction of allenyl benzoxazinanone 348a with 4-methoxyphenylboronic
acid 352a at 80 °C and 100 °C. aCalculated from the 1H NMR spectrum of the crude reaction mixture using
methyl 3,5-dinitrobenzoate as an internal standard.

To increase the yield of dihydroquinoline 368, the second ligand screen was conducted at 100 °C
using catalytic NiCl2•6H2O (10 mol%) (Table 4.3). A range of mono- and bidentate phosphine
ligands were first tested in the reaction, providing the dihydroquinoline 368 in low to moderate
NMR yield (20–47%) and moderate to full conversion (75–100%) (entries 2–6). In addition,
several bidentate diamine ligands L31–35 were trialled in the reaction (entries 7–11), generating
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the dihydroquinoline 368 in low to moderate NMR yield (27–57%) with up to full consumption
of the allenyl benzoxazinanone 348a (for L31, L33 and L35).
A more flexible bidentate diamine ligand, 2,2′-bipyridine was then tested in the reaction (entry 12)
and provided the dihydroquinoline 368 in good yield of 61% following purification by flash
column chromatography. This yield was consistent with two other methoxy and
tert-butyl-substituted 2,2′-bipyridine ligands, which provided the dihydroquinoline 368 in slightly
lower isolated yields of 53 and 46%, respectively (entries 13 and 14).
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Table 4.3. Ligand optimisation for the nickel-catalysed reaction of allenyl benzoxazinanone 348a with
4-methoxyphenylboronic acid 352a.

Entry

Ligand

Conversion
(%)a

NMR yieldb
(isolated yield) %

1

bathophenanthroline

100

67 (53)

2

PPh3

100

42

3

dppe

95

47

4

TTMPP

78

37

5

dppbz

75

24

6

(±)-BINAP

77

20

7

1,10-phenanthroline L31

100

37

8

neocuproine L32

76

32

9

5-chloro-1,10-phenanthroline L33

100

45

10

4,7-dihydroxy-1,10-phenanthroline
L34

83

24

11

1,10-phenanthroline-5,6-dione L35

100

57 (46)

12

2,2′-bipyridine

100

(61)c

13

4,4′-dimethoxy-2,2′-bipyridine

100

69 (53)

14

4,4′-di-tert-butyl-2,2′-bipyridine

100

76 (46)

15

L36

81

34

16

pyridine

55

(18)

17

L37

86

36

18

L38d

92

30

Reagents and conditions: 348a (0.05 mmol, 1.00 equiv.), 352a (0.13 mmol, 2.50 equiv.), NiCl2•6H2O (10 mol%)
and ligand (10–20 mol%) in MeCN (0.10 M) at 100 °C for 24 h. All ligands were added in 10 mol%, except for
triphenylphosphine, tris(2,4,6-trimethoxyphenyl)phosphine (TTMPP), pyridine, L37 and L38 which were added
in 20 mol%. aDetermined from the 1H NMR spectrum of the crude material. bCalculated from the 1H NMR
spectrum of the crude reaction mixture using methyl 3,5-dinitrobenzoate as an internal standard. cRepeated average
of 70%, 68%, 53% and 53% isolated yields. d20 mol% KOtBu used to deprotonate the imidazolium chloride
precursor.
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To ascertain whether the nickel-catalysed reaction of allenyl benzoxazinanone 348a and
4-methoxyphenylboronic acid 352a could be conducted asymmetrically, a range of chiral ligands
were also trialled in the reaction (Table 4.4). Among these chiral ligands tested, the
pyridine-oxazoline ligand L40 provided the dihydroquinoline 368 in almost complete conversion
and moderate NMR yield of 40% (entry 2). However, the enantiomeric excess of the
dihydroquinoline 368 was not determined via high performance liquid chromatography, as the
NMR yield was lower than that obtained for the above reaction using 2,2′-bipyridine
(in Table 4.3, entry 12). The development of an asymmetric protocol for the reaction of allenyl
benzoxazinanone 348a and boronic acids was therefore ceased and will be the focus of future
experimental work (discussed in Section 4.4.6).
A control experiment also revealed that the ligand was not essential for the reaction to proceed,
although it was critical in achieving high yield of the dihydroquinoline 368 (entry 7). Moreover,
the nickel catalyst was found to be indispensable in the reaction, with the 1H NMR spectrum of
the crude material showing unreacted allenyl benzoxazinanone 348a and boronic acid 352a in its
absence (entry 8).
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Table 4.4. Chiral ligand optimisation for the nickel-catalysed reaction of allenyl benzoxazinanone
348a with 4-methoxyphenylboronic acid 352a.

Entry

Ligand

Conversion
(%)a

NMR yieldb
(%)

1

L39

66

31

2

L40

96

40

3

L41

84

19

4

L42

17

2

5

L43

67

23

6

L44

36

8

7

no ligand

78

22

8

no ligand, no catalyst

nr

nr

Reagents and conditions: 348a (0.05 mmol, 1.00 equiv.), 352a (0.13 mmol, 2.50 equiv.), NiCl2•6H2O (10
mol%) and ligand (10–20 mol%) in MeCN (0.10 M) at 100 °C for 24 h. nr = no reaction. All ligands were
added in 10 mol%, except for L42, L43 and L44 which were added in 20 mol%. aDetermined from the 1H NMR
spectrum of the crude material. bCalculated from the 1H NMR spectrum of the crude reaction mixture using
methyl 3,5-dinitrobenzoate as an internal standard.

116

The effect of the solvent on the reaction was next investigated (Table 4.5). When conducting the
reaction in other polar aprotic solvents, such as dimethylformamide (DMF), 1,2-dichloroethane
(DCE), dimethyl sulfoxide (DMSO) and tetrahydrofuran (THF), the dihydroquinoline 368 was
not formed (entries 2–5). Instead, analysis of the 1H NMR spectrum of the crude material showed
remaining allenyl benzoxazinanone 348a and boronic acid 352a. A further screen of aprotic
solvents with lower dielectric constants (ɛ), including 1,2-dimethoxyethane (glyme) and toluene
also failed to generate the dihydroquinoline 368 in substantial yield, with the latter forming the
1,3-enyne 359a in trace quantities (entries 6 and 7).
A series of solvents which were successful in the Ni(OAc)2•4H2O catalysed 1,2-allylation of
tethered allene–ketones with arylboronic acids performed by Lam and co-workers (shown in
Scheme 3.26) were then screened.81 Pleasingly, 2,2,2-trifluoroethanol (TFE), 1,4-dioxane and a
3:2 mixture of 1,4-dioxane and acetonitrile successfully provided the dihydroquinoline 368 in low
to moderate yields (entries 8–10); however, all NMR and isolated yields were lower than that for
the initial conditions in acetonitrile (entry 1).
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Table 4.5. Solvent optimisation for the nickel-catalysed reaction of allenyl benzoxazinanone
348a with 4-methoxyphenylboronic acid 352a.

Entry

Solvent

Dielectric
Constant (ɛ)

Conversion
(%)a

NMR yieldb
(isolated yield)

1

MeCN

37.5

100

(61)c,f

2

DMF

36.7

-

nr

3

THF

7.58

-

nr

4

DMSO

46.7

-

nr

5

DCE

10.4

-

nr

6

glyme

7.20

47

11e

7

toluene

2.38

-

nrd

8

1,4-dioxane

2.21

72

1e

9

TFE

26.5

100

11

10

MeCN/
1,4-dioxane (3:2)

-

100

50 (47)

11

nitromethane

35.9

100

38

Reagents and conditions: 348a (0.05 mmol, 1.00 equiv.), 352a (0.13 mmol, 2.50 equiv.), NiCl2•6H2O (10
mol%) and 2,2′-bipyridine (10 mol%) in solvent (0.10 M) at 100 °C for 24 h. nr = no reaction. aDetermined
from the 1H NMR spectrum of the crude material. bCalculated from the 1H NMR spectrum of the crude
reaction mixture using methyl 3,5-dinitrobenzoate as an internal standard. cRepeated average of 70%, 68%,
53% and 53% yields. d1,3-enyne 359a observed in trace quantities. e1,3-diene 353a observed in trace
quantities. fBy-product aryl ketone 369 generated in 69% NMR yield, determined using methyl
3,5-dinitrobenzoate as an internal standard.

An interesting discovery was made when analysing the 1H NMR spectrum of the crude material
when the reaction was conducted in acetonitrile (entry 1) (Figure 4.1). While the
dihydroquinoline 368 did form, confirmed by the presence of two doublet resonances at δ 6.32
and δ 5.55 assigned to the cis-coupled alkene protons (blue), two new 2H aromatic doublet
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resonances were observed at δ 7.93 and δ 6.92 (red). These doublets were accompanied by two
upfield singlet resonances at δ 3.86 and δ 2.85, which integrated to three protons each.

Figure 4.1. 1H NMR spectrum of the crude material from the nickel-catalysed reaction of allenyl
benzoxazinanone 348a with 4-methoxyphenylboronic acid 352a in acetonitrile (Table 4.5, entry 1).
Blue = dihydroquinoline 368. Green = methyl 3,5-dinitrobenzoate internal standard. Red = by-product.

Given the similarity of these resonances (marked in red) to the starting boronic acid 352a, a test
reaction

was

performed

to

confirm

that

the

by-product

was

generated

from

4-methoxyphenylboronic acid and not the allenyl benzoxazinanone 348a (Scheme 4.11a).
A mixture of 4-methoxyphenylboronic acid, NiCl2•6H2O and 2,2ʹ-bipyridine in acetonitrile was
heated at 100 °C for 24 hours, after which analysis of the 1H NMR spectrum revealed identical
resonances to that shown in Figure 4.1 (marked in red). This by-product was later identified as
aryl ketone 369, evidenced by the resonance at δ 197.0 in the 13C NMR spectrum assigned to the
ketone carbon (Scheme 4.11a). This resonance also showed a correlation in the gHMBC spectrum
to a singlet resonance at δ 2.55 (3H) in the 1H NMR spectrum assigned to the methyl group. The
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NMR yield of the aryl ketone 369 was calculated as 69% (for the reaction shown in
Table 4.5, entry 1) when using methyl 3,5-dinitrobenzoate as an internal standard.
A survey of the literature revealed that the formation of aryl ketone 369 was somewhat
unsurprising, with Chen and Liu reporting the synthesis of aryl ketones 370 through the
palladium-catalysed reaction of arylboronic acids with aliphatic nitriles (Scheme 4.11b, i).90
Furthermore, Lu and co-workers synthesised aryl ketones using catalytic NiBr2•glyme in
fluorinated solvent (Scheme 4.11b, ii).91

Scheme 4.11. A. Test reaction for the formation of by-product (aryl ketone 369). B. Synthesis
of aryl ketone 370 via the palladium-catalysed reaction of arylboronic acids with aliphatic
nitriles.

The mechanism for the formation of aryl ketone 370 proposed by Lu and co-workers is initiated
by ligand exchange between 1,10-phenanthroline and the alkyl nitrile to form intermediate 371
(Scheme 4.12a).91 This intermediate (371) then undergoes transmetalation with the boronic acid
to provide the aryl nickel(II) species 372, which after 1,2-addition of the coordinated aryl group
to the alkyl nitrile forms intermediate 373.91 A final hydrolysis step then occurs to yield the aryl
ketone 370 and nickel complex 374, which through re-coordination of bromide regenerates the
initial catalytic intermediate 371.
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Scheme 4.12. A. Proposed mechanism for the nickel-catalysed reaction of arylboronic acids with alkyl
nitriles in fluorinated solvent. Scheme adapted from Lu and co-workers.91 B. Conditions and yields for
the nickel-catalysed reaction of arylboronic acids with alkyl nitriles performed by Lu and co-workers.91

While this mechanism proposed by Lu and co-workers is plausible, it fails to account for the
change in the NMR yield of aryl ketone 370 when different ligands are used. For instance,
when employing Ni(OAc)2 and a monodentate phosphine ligand, tricyclohexylphosphine (PCy3)
in the reaction, the aryl ketone 370 was generated in 5% NMR yield (Scheme 4.12b). This was in
contrast to the bidentate diamine ligand 1,10-phenanthroline which provided the aryl ketone 370
in an NMR yield of 29%. These results suggest that the ligands (1,10-phenanthroline and the
alkyl nitrile) may both play a key role in the catalytic cycle via coordination in intermediates
371–374, or through stabilisation of the pre-catalyst I. It is therefore important to consider the
involvement of both 2,2′-bipyridine and acetonitrile as ligands in the nickel-catalysed reaction of
allenyl benzoxazinanone 348a with boronic acid 352a. A proposed mechanism supported by DFT
calculations has been provided in Section 4.4.5; however, this was not calculated for the
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involvement of both acetonitrile and 2,2′-bipyridine as potential ligands and will therefore be the
focus of future computational work.
To preclude the formation of aryl ketone 369, the reaction was conducted in nitromethane, a
solvent with a similar dielectric constant to acetonitrile (Table 4.5, entry 11). However, analysis
of the 1H NMR spectrum of the crude material revealed the formation of dihydroquinoline 368 in
a reduced NMR yield of 38%. Acetonitrile (Table 4.5, entry 1) was therefore chosen as the optimal
solvent for the reaction, despite the formation of aryl ketone 369 in 69% NMR yield.§§§

4.4.1. Investigating the Nickel(II) Salt and the Role of Water
Having optimised the ligand and reaction solvent, the next variable investigated was the Ni(II)
salt (Table 4.6). It was found that other Ni(II) salts, including NiCl2•glyme, Ni(ClO4)2•6H2O and
NiBr2 were effective at catalysing the transformation to dihydroquinoline 368 (entries 3–5);
however, were slightly inferior to that of NiCl2•6H2O (entry 2). In addition, other transition metal
complexes such as Pd(OAc)2 and PdCl2 (entry 12 and 13) were catalytic in the reaction, though
to a lesser extent than most nickel(II) complexes (entries 1–9).

§§§

2.50 equivalents of 4-methoxyphenylboronic acid was used in the nickel-catalysed reaction, therefore the formation
of aryl ketone in 69% yield was not concerning, as a surplus of boronic acid 352a was available to react with the allenyl
benzoxazinanone 348a. The quantity of the boronic acid was also increased and screened in Section 4.4.2.
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Table 4.6. Catalyst screen for the nickel-catalysed reaction of allenyl benzoxazinanone 348a with
4-methoxyphenylboronic acid 352a.

Entry

Catalyst

Conversion (%)a

NMR yieldb
(isolated yield) %

1

Ni(OAc)2•4H2O

100

26

2

NiCl2•6H2O

100

(61)c

3

NiCl2•glyme

100

60 (54)

4

Ni(ClO4)2•6H2O

100

50 (41)

5

NiBr2

100

52

6

NiBr2•glyme

100

45 (39)

7

NiCl2

100

44

8

NiCl2(dppe)

100

38

9

Ni(OTf)2

100

28

10

Ni(acac)2

100

6d

11

NiSO4•6H2O

21

4e

12

Pd(OAc)2

100

17

13

PdCl2

100

1

Reagents and conditions: 348a (0.05 mmol, 1.00 equiv.), 352a (0.13 mmol, 2.50 equiv.), catalyst
(10 mol%) and 2,2′-bipyridine (10 mol%) in MeCN (0.10 M) at 100 °C for 24 h. aDetermined from the
1H NMR spectrum of the crude material. bCalculated from the 1H NMR spectrum of the crude reaction
mixture using methyl 3,5-dinitrobenzoate as an internal standard. cRepeated average of 70%, 68%, 53% and
53% yields. d1,3-diene 353a observed in trace quantities. e1,3-enyne 359a observed in trace quantities.

Interestingly, when switching from NiCl2•6H2O to anhydrous NiCl2 (entry 2 vs. entry 7),
a significant reduction in the yield of dihydroquinoline 368 was observed (61% isolated yield to
44% NMR yield). This prompted a brief investigation into the role of water in the nickel-catalysed
reaction of allenyl benzoxazinanone 348a with 4-methoxyphenylboronic acid 352a via control
experiments. The reaction was repeated with the addition of activated 3 Å molecular sieves to
123

remove any trace quantity of water arising from the acetonitrile solvent or the hydrate catalyst
(Scheme 4.13, i), and with the addition of excess water (4.00 equiv.) (Scheme 4.13, ii). However,
in each case, the dihydroquinoline 368 was formed in a reduced NMR yield of 52% and 37%,
respectively.****

Scheme 4.13. Control experiments for the nickel-catalysed reaction of allenyl benzoxazinanone 348a
with 4-methoxyphenylboronic acid 352a. aRepeated average of 70%, 68%, 53% and 53% yields.
b
Calculated from the 1H NMR spectrum of the crude reaction mixture using methyl
3,5-dinitrobenzoate as an internal standard.

From the above results it can be concluded that both an excess and absence of water is detrimental
to the yield of dihydroquinoline 368. This was in accordance with Miyaura and Inada who
investigated the nickel-catalysed cross-coupling of arylboronic acids with aryl chlorides,92 and
found an excess of water – either added to the reaction mixture or generated through condensation
of the boronic acid to the anhydride – to decrease the catalytic activity of nickel. This was
attributed to the formation of nickel hydroxides or oxides, evidenced by the formation of a milky
emulsion in the reaction mixture.92-93 A study conducted by Shi and co-workers also examined
the effect of water on the nickel-catalysed cross-coupling of substituted-naphthyl carboxylates
375 with arylboroxines 376 (Scheme 4.14).94 The authors found 0.88 equivalents of water to be
optimal for the reaction, providing the cross-coupled product 377 in 73% isolated yield. This was
reduced significantly to 58% and 46% when modifying the amount of water to 0.44 equiv. and
1.76 equiv., respectively (Scheme 4.14). Although Shi and co-workers do not comment on the
exact role of water, they do briefly mention that water may assist the transmetalation between the

****

The quantity of water was not investigated further due to time constraints; however, a fine-tuning of the loading of
water in the reaction of allenyl benzoxazinanone 348a with boronic acids will be conducted as part of future work.
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nickel complex and the aryl boroxine (either directly or via hydrolysis of the boroxine to the
corresponding boronic acid).

Scheme 4.14. Nickel-catalysed cross-coupling of substituted-naphthyl carboxylates 375 with aryl
boroxines 376 and the influence of water on the reaction.

In 2014,

Monfette and co-workers examined the role of water in the nickel-catalysed

Suzuki–Miyaura cross-coupling of aryl chlorides with phenylboronic acid.95 The authors
proposed water to play a key role in the formation of a bridged μ-hydroxo dinuclear complex 380
from the reaction of PCy3-ligated arylnickel(II) complex 379 with KOH (Scheme 4.15a). This
complex (380), when reacted with phenylboronic acid 381 in the absence of added water and
base, gave the cross-coupled product 382 in quantitative yield in less than two minutes
(Scheme 4.15b). This was in contrast to the reaction of the PCy3-ligated arylnickel(II) complex
379 with boronic acid 381 which gave little to no product (382) in the absence of base and added
water, or in the presence of rigorously dried K3PO4 (Scheme 4.15b). Monfette and co-workers
also demonstrated that the transmetalation of a borate species was unlikely, with the reaction of
potassium trihydroxyborate with 379 or 380 leading to the cross-coupled product 382 in reduced
yield at a substantially slower rate. It was therefore concluded by Monfette and co-workers that
water plays a key role in the formation of the Ni–hydroxo complex 380, the active species
involved in transmetalation, and that its formation is the rate-determining step.95
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Scheme 4.15. Nickel-catalysed Suzuki–Miyaura cross-coupling of aryl chlorides 378 with phenylboronic
acid performed by Monfette and co-workers.95

Despite this compelling evidence provided by Monfette and co-workers,95 a second study
performed by Grimaud and co-workers refuted these claims.96 While the hydroxo-bridged
dinuclear complex 384 did indeed form when trans-[ArNi(PPh3)2Br] 383 was reacted with
tetrabutylammonium hydroxide (TBAOH) (Scheme 4.16a), this was not the active species
involved in the transmetalation step. Instead, the hydroxo-bridged complex 384 was identified as
a resting state for the nickel-catalyst. Grimaud and co-workers found the equilibrium between the
resting state hydroxo-bridged complex 384 and trans-[ArNi(PPh3)2Br] 383 to be sensitive to the
concentration of base and boronic acid (i.e. the TBAOH/PhB(OH)2 ratio). When an excess of
phenylboronic acid (up to 22 equiv.) was added to the reaction mixture of 384, the
trans-[ArNi(PPh3)2Br] complex 383 was regenerated and phenyltrihydroxyborate 385 was
formed [due to the acidic properties of PhB(OH)2].96 This led to an acceleration of the reaction,
with faster reactions at higher concentrations of PhB(OH)2 – due to the formation of the
transmetalating ArB(OH)3 species 385. This was in contrast to reactions performed at high
concentrations of base (4.00 equiv.) which led to a longer reaction time (12 hours), due to the
formation of the resting state hydroxo-bridged complex 384. In line with this observation by
Grimaud and co-workers,96 the effect of the quantity of 4-methoxyphenylboronic acid 352a and
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exogenous base on the nickel-catalysed reaction with allenyl benzoxazinanone 348a was
investigated. This has been discussed later in Sections 4.4.2 and 4.4.3, respectively.

Scheme 4.16. Investigating the mechanism for the boron-to-nickel transmetalation in the
Suzuki–Miyaura cross-coupling performed by Grimaud and co-workers.96

As the effect of the water on the reaction of allenyl benzoxazinanone 348a and
4-methoxyphenylboronic acid 352a had been examined experimentally (Scheme 4.13) and
through comparison with several pieces of literature, attention was turned towards investigating
the effect of the catalyst loading and solvent concentration on the reaction (Table 4.7). It was
found that both an increase and a decrease in the reaction concentration (to 0.20 and 0.05 M,
respectively) resulted in a reduction in the NMR yield of dihydroquinoline 368 (entries 2 and 3).
Similarly, an increase or decrease in the catalyst and ligand loading (to 20 and 5 mol%,
respectively) was detrimental to the NMR yield of dihydroquinoline 368 (entries 4 and 5).
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Table 4.7. Optimisation of the concentration, catalyst and ligand loading for the nickel-catalysed
reaction of allenyl benzoxazinanones 348a with 4-methoxyphenyl boronic acid 352a.

Entry

Concentration
(M)

Catalyst and
ligand loading
(mol%)

NMR yielda
(isolated yield, %)

1

0.10

10

(61)b

2

0.05

10

41

3

0.20

10

29

4

0.10

20

47

5

0.10

5

55 (45)

Reagents and conditions: 348a (0.05 mmol, 1.00 equiv.), 352a (0.13 mmol, 2.50 equiv.), NiCl2•6H2O
(5–20 mol%) and 2,2′-bipyridine (5–20 mol%) in MeCN (0.05–0.20 M) at 100 °C for 24 h. aCalculated from
the 1H NMR spectrum of the crude reaction mixture using methyl 3,5-dinitrobenzoate as an internal standard.
bRepeated average of 70%, 68%, 53% and 53% yields.
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4.4.2. Investigating Other Boron Reagents
To date, the most common boron reagent used in the palladium- or nickel-catalysed
Suzuki–Miyaura coupling (SMC) are boronic acids. This is no surprise, given their ease of
preparation and high atom-economy in comparison to other boron reagents.97 However, boronic
acids are not without limitations, and are susceptible to several side reactions including
palladium-catalysed homocoupling, oxidation from organic peroxides, and base-catalysed
protodeboronation (Scheme 4.17a).97

Scheme 4.17. A. Base-catalysed protodeboronation of arylboronic acids. Scheme adapted from
Lloyd-Jones and co-workers.97b B. Condensation of boronic acid 386 to boroxine 387.

In addition, boronic acids purchased from commercial suppliers contain a considerable amount
of the cyclic anhydride (boroxine) 387 via condensation – a process which continues in solution
(Scheme 4.17b).98 This makes it challenging to control the amount of boronic acid 386, boroxine
387 and water in a reaction mixture, which can have a significant impact on reaction consistency,
particularly if the reaction is sensitive to water or if the boroxine 387 is unreactive. For example,
a recent study by Kambe and co-workers found the boroxine 389 to be an ineffective coupling
partner in the nickel-catalysed cross-coupling with chlorostibines 388, affording the
cross-coupled product 390 in poor yield (4%) (Scheme 4.18).99 This could be increased to 92%
yield when adding 4.00 equivalents of water to the reaction mixture, presumably due to hydrolysis
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of the boroxine 389 to the corresponding boronic acid which could then undergo transmetalation
with the chlorostibene 388.

Scheme 4.18. Nickel-catalysed cross-coupling of chlorostibine 388 with tri(p-tolyl)boroxine 389 –
demonstrating the sensitivity of some nickel-catalysed reactions to both water and boroxines such as 389.

As it is difficult to control the amount boronic acid relative to the boroxine in a reaction mixture,
many protocols use an excess of boronic acid to ensure there is sufficient boronic acid available
to react.100 This was the case for the nickel-catalysed reaction of allenyl benzoxazinanone 348a
with 4-methoxyphenylboronic acid 352a (shown in Tables 4.3–4.7) which employed an excess
of 4-methoxyphenylboronic acid (2.50 equiv.). When decreasing the quantity of
4-methoxyphenylboronic acid (352a) to 1.50 equiv. and increasing the quantity to 3.50 equiv.,
the yield of dihydroquinoline 368 was reduced to 45% and 49%, respectively (Scheme 4.19).
Furthermore, when adding 4-methoxyphenylboronic acid 352a portion-wise over eight hours
(2.50 equiv. at the start of the reaction and 2.50 equiv. at eight hours), the yield of
dihydroquinoline 368 was reduced further to 31%. The quantity of 4-methoxyphenylboronic
acid 352a was therefore maintained at 2.50 equivalents when pursuing the remainder of the
reaction optimisation.††††

††††

As discussed in Section 4.4.1, the quantity of hydroxide (OH⁻) and boronic acid both have a considerable impact

on nickel-catalysed Suzuki–Miyaura cross-couplings, with a greater concentration of boronic acid favouring the
formation of trihydroxyborates (the active species involved in transmetalation), and with a greater concentration of
hydroxide favouring the resting state hydroxo-bridged complexes. It is therefore important to conduct a more detailed
investigation into the effect of boronic acid concentration and base on the nickel-catalysed reaction of allenyl
benzoxazinanone 348a with boronic acid 352a – this will be the focus of future experimental work.
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Scheme 4.19. Nickel-catalysed reaction of allenyl benzoxazinanone 348a with 1.5–5.0 equiv of
4-methoxyphenylboronic acid 352a. aRepeated average of 70%, 68%, 53% and 53% yields. bCalculated
from the 1H NMR spectrum of the crude reaction mixture using methyl 3,5-dinitrobenzoate as an
internal standard.

Analysis of the 1H NMR spectrum of the commercial 4-methoxyphenylboronic acid (purchased
from AK Scientific) revealed that it contained a considerable amount of the corresponding
boroxine 391 (0.5:1.0 boronic acid to boroxine) (Scheme 4.20a). In light of the above sensitivity
of some nickel-catalysed Suzuki–Miyaura cross-couplings to boroxines (shown in Scheme 4.18),
the boronic acid/boroxine mixture was converted to a 3.8:1.0 boronic acid/boroxine mixture by
stirring the commercial sample in a solution of water and hydrochloric acid overnight. The
enriched boronic acid sample was then used in the nickel-catalysed reaction with allenyl
benzoxazinanone 352a; however, no improvement in the NMR yield of dihydroquinoline 368
was observed (Scheme 4.20b).

Scheme 4.20. Nickel-catalysed reaction of boronic acid 352a and boroxine 391 with allenyl
benzoxazinanone 348a. aCalculated from the 1H NMR spectrum of the crude reaction mixture using
methyl 3,5-dinitrobenzoate as an internal standard.
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To determine whether the boroxine 391 was a suitable reaction partner in the nickel-catalysed
reaction with allenyl benzoxazinanone 348a, the commercial mixture was dehydrated under
vacuum using a Kugelrohr apparatus to a ratio of 0.1:1.0 boronic acid to boroxine
(Scheme 4.20a).93 The boroxine 391 was then immediately subjected to the nickel-catalysed
reaction with allenyl benzoxazinanone 348a, providing the dihydroquinoline 368 in a reduced
NMR yield of 39% (Scheme 4.20b). These two results (shown in Scheme 4.20b) suggest that a
0.5:1.0 mixture of boronic acid/boroxine found in the commercial boronic acid sample is
acceptable for the reaction of allenyl benzoxazinanone 348a with 352a, with the boroxine 491
likely undergoing hydrolysis to the boronic acid 352a prior to transmetalation with the active
nickel(II) species.
In addition to the above boron reagents, two more stable boronic esters, 4-methoxyphenylboronic
acid pinacol ester 392 and phenylboronic acid neopentylglycol ester 393 were trialled in the
reaction with allenyl benzoxazinanone 348a (Scheme 4.21). After stirring each reaction mixture
for 24 hours at 100 °C, analysis of the 1H NMR spectrum of each crude mixture revealed peaks
consistent with trace 1,3-enyne (359) formation, with little to no consumption of the starting
allenyl benzoxazinanone 348a and boronic esters 392 and 393.

Scheme 4.21. Nickel-catalysed reaction of allenyl benzoxazinanone 348a with boronic esters 392 and 393.

132

A more chemically robust potassium organotrifluoroborate salt 394 was then tested in the reaction
with allenyl benzoxazinanone 348a (Scheme 4.22). In the presence of protic or aqueous media,
organotrifluoroborate salts 394 undergo slow hydrolysis to the corresponding boronic acid 352a
(Scheme 4.22b).97b This leads to a low concentration of available boronic acid in solution, and
therefore an reduction in potential side-products (such as those from homo-coupling and
protodeboronation).97b, 101 When reacting potassium organotrifluoroborate salt 394 with allenyl
benzoxazinanone 348a, a similar result to that shown above in Scheme 4.21 was observed, with
trace formation of 1,3-enyne 359 and remaining starting material (348a and 394 – as determined
by analysis of the 1H NMR spectrum of the crude material).

Scheme 4.22. Nickel-catalysed
organotrifluoroborate salt 394.

reaction

of

allenyl benzoxazinanone
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348a with

potassium

4.4.3. The Role of Base in Transmetalation and Investigating Reaction Additives

Prior to the development of the Suzuki–Miyaura cross-coupling in 1979,102 Negishi and Baba
reported a method to synthesise arylated alkenes 397 via the nickel-catalysed cross-coupling of
alkenylalanes 396 with aryl halides (Scheme 4.23a).103 This reaction was shown to accommodate
a range of alkenylalanes and aryl halides, generating the arylated alkenes 397 in high yields with
excellent stereoselectivity (>99% trans). However, for reasons which were unclear at the time,
the cross-coupling reaction could not be extended to the corresponding boranes or borates.

Scheme 4.23. A. Nickel-catalysed cross-coupling of alkenylalanes 396 with aryl halides.
B. Formation of the more nucleophilic four-coordinate ‘ate’ complex 398 from arylboronic acid and
base (where R = H or Me).

This limitation was addressed a few years later by Suzuki and Miyaura in the palladium-catalysed
cross-coupling of 1-alkenylboranes with aryl, alkenyl and alkynyl halides – now commonly
referred to as the Suzuki–Miyaura cross-coupling.102 Suzuki and Miyaura revealed that the
reaction required a basic additive such as sodium methoxide or hydroxide to proceed,102 and later
identified the role of the base in generating the aryl hydroxyborate 398 which was more active
towards transmetalation due to its increased nucleophilicity (Scheme 4.23b).104
An alternative role of base was also proposed by Suzuki and Miyaura, and involved the formation
of an oxo-palladium(II) complex (399), in which transmetalation with ArB(OH)2 is favoured due
to the oxophilic boron centre (Scheme 4.24a).104-105 This proposal was supported by Amatore and
Jutand who used heteronuclear NMR spectroscopy and electrochemical techniques to monitor the
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reaction of trans-[ArPdX(PPh3)2] 400 with Ar′B(OH)2 401 in the presence of base (OH⁻)
(Scheme 4.24b).104, 106 Amatore and Jutand proposed the base to play three roles: (1) in generating
the [ArPd(OH)(PPh3)2] 402 complex, which is the species responsible for transmetalation with
Ar′B(OH)2; (2) in promoting reductive elimination of trans-[ArPdAr′(PPh3)2] to Ar–Ar′ and
Pd(0), and (3) in formation of the unreactive trihydroxyborate Ar′B(OH)3⁻.106 While these reports
provided by Suzuki and Miyaura, and Amatore and Jutand provide compelling evidence for the
formation of an active oxo-palladium(II) complex 399, these conclusions can only be drawn for
the palladium-catalysed systems discussed in these reports, and cannot be concluded for
nickel-catalysed systems, such as those presented in this dissertation.

Scheme 4.24. A. General mechanism for the palladium-catalysed Suzuki–Miyaura cross-coupling
of boronic acids with organohalides – proceeding via the oxo-palladium pathway. Scheme adapted
from Lloyd-Jones and co-workers.107 B. Suzuki–Miyaura reaction of trans-[ArPdX(PPh3)2] 400 with
Ar′B(OH)2 401 performed by Amatore and Jutand.104

Given that base was required to effectively couple the above boron reagents and organohalides,102
it was decided to test both catalytic and stoichiometric quantities of base in the nickel-catalysed
reaction of allenyl benzoxazinanone 348a with 4-methoxyphenylboronic acid 352a (Table 4.8).
It is important to note that exogeneous base had not been added up until this point for two reasons:
(1) the nickel-catalysed 1,2-allylations of allene–ketones with arylboronic acids performed by
Lam and co-workers which formed a precedent for this reaction proceeded without exogenous
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base;81 and (2) the allenyl benzoxazinanone 348a was known to undergo decarboxylative
conjugate elimination to the 1,3-enyne 359a in the presence of base. This was indeed the case for
the nickel-catalysed reaction of allenyl benzoxazinanone 348a with 4-methoxyphenylboronic
acid 352a in the presence of stoichiometric triethylamine (Table 4.8, entry 1), which led to
1,3-enyne 359a in trace quantities via decarboxylative conjugate elimination of the allenyl
benzoxazinanone 348a. Moreover, a catalytic quantity of potassium carbonate (entry 4) led to
trace quantities of the 1,3-enyne 359a, while tripotassium phosphate and sodium hydroxide
(entries 2 and 3) led to a reduction in the NMR yield of dihydroquinoline 368.
Table 4.8. Addition of base to the nickel-catalysed reaction of allenyl benzoxazinanone 348a with
4-methoxyphenylboronic acid 352a.

Entry

Base
(x.x equiv.)

Conversion
(%)

NMR yielda
(%)

1b

Et3N
(2.0 equiv.)

88

nrb

2

K3PO4
(0.2 equiv)

100

27

3

NaOH
(0.2 equiv)

100

47

4

K2CO3
(0.2 equiv)

-

nrb

Reagents and conditions: 348a (0.05 mmol, 1.00 equiv.), 352a (0.13 mmol, 2.50 equiv.), NiCl2•6H2O (10
mol%) and 2,2′-bipyridine (10 mol%) in solvent (0.10 M) at 100 °C for 24 h. nr = no reaction. aCalculated
from the 1H NMR spectrum of the crude reaction mixture using methyl 3,5-dinitrobenzoate as an internal
standard. b1,3-enyne x observed in trace quantities.

It is apparent from the above table that base is detrimental to the yield of dihydroquinoline 368,
and in some cases, leads to decarboxylative conjugate elimination to the 1,3-enyne 359a. This is
in contrast to the Suzuki–Miyaura reaction which requires base to effectively cross-couple boron
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reagents with organohalides.108 The inability for the Suzuki–Miyaura reaction to proceed without
exogenous base represents a significant drawback to this methodology, as some substrates are
incompatible under basic conditions, thereby limiting the potential substrate scope.108
This shortcoming was addressed by Cammidge and co-workers in 2006, who developed a
base-free Suzuki–Miyaura cross-coupling of pre-formed aryl trihydroxyborate salts 403 with aryl
bromides (Scheme 4.25a).109 This method provided the cross-coupled biaryl products 404 in high
yields, without the need for exogenous base such as K3PO4 or K2CO3.

Scheme 4.25. A. Palladium-catalysed Suzuki–Miyaura cross-coupling of aryl trihydroxyborate salts
403 with aryl bromides. B. Attempted nickel-catalysed reaction of sodium trihydroxyborate salt 405
with allenyl benzoxazinanone 348a.

Taking inspiration from the above work by Cammidge and co-workers,109 the sodium
trihydroxy(4-methoxyphenyl)borate salt 405 was prepared from 4-methoxyphenylboronic
acid 352a in near quantitative yield (99%) via precipitation with sodium hydroxide in toluene
(Scheme 4.25b). The trihydroxyborate salt 405 was then subjected to the nickel-catalysed reaction
with allenyl benzoxazinanone 348a; however, no dihydroquinoline 368 was detected by 1H NMR
analysis of the crude reaction mixture, with the 1,3-enyne 359 observed in trace quantities and
with no remaining allenyl benzoxazinanone 348a (Scheme 4.25c).
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At this stage of the project, a preliminary investigation into the reaction mechanism had been
performed by collaborators Dr. Richmond Lee and PhD Candidate, Eric Chao using density
functional theory calculations at the M06/def2-TZVP+QZVP//M06/6-31G(d,p)+SDD level
(Scheme 4.26). These calculations identified the initial intermediate as structure 406
(0.00 kcal/mol), in which the nickel(II) catalyst is coordinated to the carbonyl of allenyl
benzoxazinanone 348a. This species (406) then forms the σ-allylnickel species 410 via
coordination of the nickel(II) catalyst to the allene of 348a (in structures 407 and 408), followed
by migratory insertion via transition state 409.

Scheme 4.26. Preliminary investigation into the reaction mechanism using DFT calculations, performed
by Dr. Richmond Lee and Eric Chao at the M06/def2-TZVP+QZVP//M06/6-31G(d,p)+SDD level.

Given that the above coordination and insertion of the nickel(II) catalyst into allene 348a proceeds
with an energy barrier of 25.1 kcal/mol, it was hypothesised that the nickel(II) catalyst was
remaining coordinated to the carbonyl of allenyl benzoxazinanone 348a (in structure 406),
thereby hindering coordination and migratory insertion of the nickel(II) catalyst to the allene of
348a via intermediate 409. To circumvent this coordination, an exogeneous Lewis acid was added
to the reaction mixture of allenyl benzoxazinanone 348a and boronic acid 352a, in the aim of
occupying this coordination site and freeing up the nickel(II) catalyst (Scheme 4.27b). After
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stirring the reaction mixture at 100 °C for 24 hours however, analysis of the 1H NMR spectrum
of the crude reaction mixture revealed formation of 2-methy1quinoline 411, instead of the desired
dihydroquinoline 368. This was verified by analysis of the 1H NMR spectrum which contained a
singlet resonance at δ 2.75 assigned to the methyl CH3, and two doublet resonances further
downfield at δ 8.05 and δ 7.29 (J = 8.4 Hz) arising from the cis-coupled alkene. This assignment
was further supported by comparison with literature

1

H and

13

C NMR data for

2-methylquinoline 411.110

Scheme 4.27. Reaction of allenyl benzoxazinanone 348a and 4-methoxyphenylboronic acid 352a in the
presence of a Lewis acid.

To confirm that 2-methylquinoline 411 was formed from allenyl benzoxazinanone 348a without
the involvement of 4-methoxyphenylboronic acid 352a, the reaction was repeated in the absence
of 352a (Scheme 4.27c). This led to 2-methylquinoline 411 in near quantitative yield (95%)
following purification by flash column chromatography. The formation of 2-methylquinoline 411
was proposed to proceed via coordination of the Lewis acid to the carbonyl of allenyl
benzoxazinanone 348a in structure 412, followed by C–O bond cleavage to 413, ring closure and
decarboxylation (Scheme 4.28).
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Scheme 4.28. A. Proposed mechanism for the formation of 2-methylquinoline. B. Reaction of allenyl
benzoxazinanone 348a and 4-methoxyphenylboronic acid 352a in the presence of acid additives.

The reaction of allenyl benzoxazinanone 348a and 4-methoxyphenylboronic acid 352a was also
tested in the presence of other acidic additives, such as pyridinium p-toluenesulfonate and
p-toluenesulfonic acid monohydrate. However, in each case, the reaction resulted in a decreased
yield of dihydroquinoline 368 to 16% and 42%, respectively.‡‡‡‡

‡‡‡‡

While the exact reason for the variability in yield between PPTS and p-TsOH•H2O is unknown, it could potentially
be due to two factors: (1) the water in p-TsOH•H2O assisting with hydrolysis of the boroxine to the corresponding
boronic acid which can then undergo transmetalation with the active nickel(II) species, and (2) the stronger acidity of
p-TsOH•H2O versus PPTS.
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4.4.4. Investigation of the Substrate Scope

Due

to

time

constraints,

the

reaction

of

allenyl

benzoxazinanone

348a

with

4-methoxyphenylboronic acid 352a was not optimised further. The conditions shown in
Table 4.7, entry 1 were therefore chosen as the optimised set of conditions and were used to
investigate the substrate scope of the reaction. The scope of the boronic acid 352 was the first
probed using unsubstituted allenyl benzoxazinanone 348a as the reaction partner (Table 4.9).
Table 4.9. Substrate scope of the dihydroquinoline 368 synthesis with respect to the boronic acid
substituent (Ar).

368aa
61%a

trace 368ab
aryl ketone 369b
observed

trace 368ac
aryl ketone 369c
observed

368ad
trace

368ae
trace

368af
trace 1,3-enyne 359a

368ag
no reaction

368ah
no reaction
aryl ketone 369h
observed

Reagents and conditions: 348a (0.11 mmol, 1.00 equiv.), boronic acid (0.27 mmol, 2.50 equiv.), NiCl2•6H2O
(10 mol%) and 2,2′-bipyridine (10 mol%) in MeCN (0.10 M) at 100 °C for 24 h. aRepeated average of 70%,
68%, 53% and 53% yields.

141

As shown in Table 4.9, when testing other electron-rich boronic acids such as p-tolylboronic
acid 352b and m-methoxyphenylboronic acid 352c in the reaction, only trace quantities of the
corresponding dihydroquinolines (368ab and 368ac) were detected by 1H NMR analysis.
Instead, analysis of the 1H NMR spectrum of the crude material revealed the corresponding aryl
ketones 369b and 369c as the major products (confirmed by comparison with literature 1H NMR
data).91 Furthermore, the reaction of o-methoxyphenylboronic acid 352d and phenylboronic acid
352e led to trace quantities of the corresponding dihydroquinolines 368ad and 368ae, while
o-tolylboronic acid 352f led to a trace quantity of the corresponding 1,3-enyne. Boronic acids
352g and 352h containing electron-withdrawing nitro- and methyl ester-substituents were also
tested in the reaction. However, both substrates failed to generate the corresponding
dihydroquinolines 368ag and 368ah (even in trace quantities), with the latter forming aryl ketone
369h.
The poor reactivity of these ortho-substituted boronic acids (352d and 352f) and electron-poor
boronic acids (352g and 352h) was unsurprising, given the greater steric hindrance for
ortho-substrates which impedes transmetalation, and the increased susceptibility of electron-poor
boronic acids to undergo homocoupling and metal-catalysed protodeboronation (compared to
electron-neutral or electron-rich boronic acids).111 However, these observations fail to explain the
complete inactivity of these substrates – in particular, the reaction of p-nitrophenylboronic acid
352g with allenyl benzoxazinanone 348a which returned some unreacted boronic acid, indicating
that not all boronic acid had been consumed by unwanted side reactions.
The electronic effects of boronic acids on the transmetalation step in the nickel-catalysed
Suzuki–Miyaura coupling of trans-[ArNi(PPh3)2Br] 383 was examined by Grimaud and
co-workers in 2018 (Scheme 4.27).96 Through analysis of Hammett plots and DFT calculations
the authors concluded that, at high concentrations of base (i.e. a TBAOH/Ar′B(OH)2 ratio of 0.4),
electron-poor boronic acids react faster than electron-rich boronic acids.96 This is attributed to
their increased Lewis-acidity, resulting in a shift in the equilibrium towards the mononuclear
complex 383 and away from the resting state hydroxo-bridged dimers 384 (Scheme 4.27b).96
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Scheme 4.27. A. Suzuki–Miyaura cross-coupling of trans-[ArNi(PPh3)2Br] 383 with arylboronic acids.
B. Electronic effects of arylboronic acids on the Suzuki–Miyaura cross-coupling. TBAOH =
tetrabutylammonium hydroxide.

In contrast, at lower concentrations of base, the mononuclear complex 383 is favoured and the
reaction rate is dependent on the activation barrier for transmetalation.96 In theory, an
electron-donating substituent on the boronic acid would lead to faster transmetalation due to its
increased nucleophilicity, while an electron-withdrawing substituent would lead to decreased
nucleophilicity and therefore slower transmetalation.107, 111 This was observed by Grimaud and
co-workers when plotting Hammett correlations at a low TBAOH/Ar′B(OH)2 ratio of 0.1, with
electron-rich para-substituted boronic acids reacting faster than electron-poor para-substituted
boronic acids.96 Furthermore, Miyaura and co-workers found electron-rich arylboronic acids
(such as p-OMe) to accelerate the transmetalation of boronic acids to [Pd(dppe)(PhCN)2](BF4)2
relative to electron-poor arylboronic acids (such as p-CF3).112 These findings of Grimaud and
Miyaura are consistent with the experimental observations shown in Table 4.9 in the absence of
base. The reaction was shown to tolerate a small range of electron-rich arylboronic acids (such as
p-OMe 352a and p-Me 352b), providing the corresponding dihydroquinolines 368 in moderate
yields (61% for 368aa) or trace quantities (for 368ab). This was in contrast to electron-poor
arylboronic acids such as p-NO2 and p-CO2Me, which failed to generate the dihydroquinolines
368ag and 368ah, presumably due to their reduced nucleophilicity when compared to the
electron-rich p-OMe and p-Me substrates.
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As the above electron-poor arylboronic acids 352g and 352h were unable to participate in the
reaction with allenyl benzoxazinanone 348a – potentially due to their reduced nucleophilicity
towards transmetalation – the reaction was repeated using 1-chloro-4-iodobenzene 414 in the
presence of a nickel(II) precatalyst and zinc powder (Scheme 4.28).113 This reaction would result
in reduction of the nickel(II) precatalyst to nickel(0) in situ by zinc powder, followed by oxidative
addition of the nickel(0) catalyst to the aryl halide 414 to form the nickel(II) intermediate 415.
This intermediate (415) could then undergo insertion at the double bond of allenyl
benzoxazinanone 348a, without the need for a transmetalation step. The reaction mixture of
allenyl benzoxazinanone 348a, aryl halide 414, precatalyst and zinc was therefore stirred at
50–100 °C for 48 hours, after which analysis of the 1H NMR spectrum revealed unreacted allenyl
benzoxazinanone 348a and aryl halide 414.

Scheme 4.28. Attempt to bypass the transmetalation step using a nickel(II) precatalyst, zinc and
aryl halide 414.

As the above reaction was unsuccessful, the reaction scope with respect to the allenyl
benzoxazinanone 348 was next examined (Table 4.10). Allenyl benzoxazinanones 348d and 348e
containing mild electron-withdrawing groups on the benzene ring (6-Br and 7-Cl) reacted
smoothly with 4-methoxyphenylboronic acid, generating dihydroquinolines 368da and 368ea in
comparable yields (52% and 57%) to dihydroquinoline 368aa. Moreover, electron-donating
groups at the 6-, 7- and 8-position of the benzene ring were compatible in the reaction, providing
the corresponding dihydroquinolines 368ca, 368fa and 368ga in low to moderate yields
(34–55%).
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Table 4.10. Substrate scope of the dihydroquinoline 368 synthesis with respect to the allenyl
benzoxazinanone 348.

368aa
61%a

368ba
71%

368ca
52%

368da
52%

368ea
57%

368fa
34%

368ga
55%

348h

348j

no reaction

no reaction

Reagents and conditions: 348a–i (0.10 mmol, 1.00 equiv.), 352a (0.24 mmol, 2.50 equiv.), NiCl2•6H2O
(10 mol%) and 2,2′-bipyridine (10 mol%) in MeCN (0.10 M) at 100 °C for 24 h. aRepeated average of
70%, 68%, 53% and 53% yields.

Interestingly, when placing a 5-fluoro-substituent on the benzene ring (in substrate 348b), the
allenyl benzoxazinanone was not fully consumed after 24 hours (as indicated by TLC and
1

H NMR analysis of the crude reaction mixture). The reaction mixture was therefore resubjected

using an additional 10 mol% of NiCl2•6H2O, 10 mol% 2,2′-bipyridine and 2.50 equivalents of
4-methoxyphenylboronic acid, which following purification

by FCC provided the

dihydroquinoline 368ba in high isolated yield (71%). This was in contrast to the reaction of the
5-nitro-substituted (348h) and the 2-methyl substituted allenyl benzoxazinanones 348i which
failed to react with 4-methoxyphenylboronic acid 352a, and instead returned unreacted allenyl
benzoxazinanone (348h and 348i) and boronic acid.
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4.4.5. Control Experiments and Proposed Reaction Mechanism

To gain some insight into the proposed reaction mechanism, a series of control experiments were
conducted (Scheme 4.29). The reaction was first repeated with the addition of 1.00 equivalent of
a radical scavenger, butylated hydroxytoluene (BHT) and 1.00 equivalent of a radical initiator,
di-tert-butyl peroxide (DTBP) to aid or inhibit any radical processes which may be involved in
the catalytic cycle (Scheme 4.29a). However, in each case, the formation of dihydroquinoline 368
was neither supressed nor promoted, indicating that the mechanism does not operate via a radical
pathway, and does not involve any long-lived radical intermediates.114

Scheme 4.29. Control experiments for the nickel-catalysed reaction of allenyl benzoxazinanone 348a with
4-methoxyphenylboronic acid. aRepeated average of 70%, 68%, 53% and 53% yields. bNMR yield
calculated from the 1H NMR spectrum of the crude reaction mixture using methyl 3,5-dinitrobenzoate as
an internal standard.

Two additional reactions were then performed to test for the catalytic involvement of a nickel(0)
species. The reaction was first repeated with the addition of zinc powder, a common reducing
agent used to generate nickel(0) in situ from nickel(II) precatalysts (Scheme 4.29b).115 It can be
assumed that if the reaction did proceed via a nickel(0) species, the addition of zinc powder would
lead to a greater concentration of active nickel(0), and therefore a higher yield of dihydroquinoline
368aa. However, this reaction failed to generate the dihydroquinoline 368 in any appreciable
quantity (8% yield), indicating that the reaction is unlikely to proceed via an active nickel(0)
species. Furthermore, the reaction was mixture was sparged with air for ten minutes prior to
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heating at 100 °C. After 24 hours, analysis of the 1H NMR spectrum of the crude material revealed
dihydroquinoline 368 in 52% NMR yield (Scheme 4.29b). This implies the presence of oxygen
does not significantly inhibit the formation of the active nickel species, and it is unlikely to be
operating via a nickel(0) pathway.
In addition to typical reductants such as zinc and manganese, nickel(0) can be generated in situ at
elevated temperatures (80–130 °C) via homocoupling of boronic acids (Scheme 4.30).116 The
formation of this nickel(0) species proceeds by double transmetalation of the nickel(II) catalyst
with the boronic acid to form the nickel(II) intermediate 416, which following reductive
elimination releases an active nickel(0) catalyst and the homocoupled product 417. The 1H NMR
spectrum of the crude mixture of allenyl benzoxazinanone 348a and boronic acid 352a was
therefore examined and compared against literature data for the homocoupled product 417;
however, no resonance indicative of the homocoupled product 417 was observed.

Scheme 4.30. Pathway for the in situ formation of nickel(0) from a nickel(II) precatalyst at elevated
temperatures.

From these control experiments, it can be concluded that the reaction is likely operating via a
nickel(II) species – similar to that proposed in the nickel-catalysed 1,2-allylation of tethered
allene–ketones with arylboronic acids performed by Lam and co-workers (shown in
Scheme 3.26).81 A mechanism for the formation of dihydroquinoline 368 supported by
preliminary DFT calculations§§§§ was therefore proposed, and has been provided in Scheme 4.31.

§§§§

DFT calculations performed by collaborators Dr. Richmond Lee and PhD Candidate, Eric Chao. The density
functional theory calculations do not include the calculated energies for transmetalation between the Ni(II) catalyst and
arylboronic acid 352.
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The proposed mechanism begins with transmetalation of the nickel(II) catalyst 418 with
arylboronic acid 352a to generate the arylnickel(II) species 419. This species (419) then
undergoes migratory insertion at the terminal double bond of allenyl benzoxazinanone 348a to
form the σ-allylnickel species 420, a process which is presumably favoured over migratory
insertion at the internal allene carbon due to coordination of the nickel(II) catalyst with the
carbamate oxygen in transition state 421. The σ-allylnickel species 420 then undergoes C–O bond
cleavage/decarboxylation, bond rotation, ring closure and protodemetalation to afford the
dihydroquinoline 368.

Scheme 4.31. Proposed mechanism for the formation of dihydroquinoline 368.

The above proposed mechanism was supported by density functional theory calculations
performed at the M06/def2-TZVP+QZVP//M06/6-31G(d,p)+SDD level (Scheme 4.32). These
calculations indicate that the overall transformation from allenyl benzoxazinanone 348a to
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dihydroquinoline 368 is exergonic, starting from 0.00 kcal/mol in structure 426 and ending at
−43.6 kcal/mol for dihydroquinoline 425. These calculations also found the migratory insertion
step from 426 to 420 to be the rate determining step, proceeding with the highest energy barrier
of 25.1 kcal/mol. The reaction of an electron-poor boronic acid, 4-nitrophenylboronic acid was
also computed and the energy for migratory insertion was found to be higher at 27.8 kcal/mol.
While this energy for TS-421 is marginally higher (by 2.7 kcal/mol), it does not explain the
complete inactivity of electron-poor boronic acids under these reaction conditions and warrants
future investigation into the reaction mechanism.

Scheme 4.32. DFT calculation profile (kcal/mol) for the nickel-catalysed reaction of allenyl
benzoxazinanone 348a and arylboronic acids 352.
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4.4.6. Conclusions and Future Directions
The primary aim of this project was to develop a synthetic route towards a novel molecular
building block, allenyl benzoxazinanones 348. This was achieved in this chapter via a five-step
procedure from the corresponding commercially available anthranilic acids, leading to allenyl
benzoxazinanones 348a–i in low to moderate yields (11–48%). The secondary aim of this project
was also achieved – to utilise these novel building blocks in transition metal-catalysed reactions.
While initial attempts to react these novel allenyl benzoxazinanone systems with electron-poor
dipolarophiles 350 and boronic acids 352 under palladium(0) catalysis were unsuccessful,
replacing this catalyst with a low cost and air-stable nickel(II) catalyst led to dihydroquinoline
368 in moderate yield (61%) (Scheme 4.33).

Scheme 4.33. Overview of the palladium- and nickel-catalysed reactions of allenyl benzoxazinanone 348a.

The scope of the nickel-catalysed reaction of allenyl benzoxazinanone 348a with boronic acids
352a was examined and was found to tolerate a moderate range of allenyl benzoxazinanones 348
containing electron-donating (6-OMe, 7,8-Me, 8-Me) and mild electron-withdrawing groups
(4-F, 5-Br, 6-Cl) on the benzene ring. This was in contrast to the scope of boronic acids, which
was limited to electron-rich phenylboronic acids (such as p-OMe and p-Me), with electron-poor
boronic acids failing to generate any dihydroquinoline 368 potentially due to their apparent
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reduced nucleophilicity towards transmetalation with the nickel(II) catalyst. A brief investigation
into the reaction mechanism using control experiments and density functional theory calculations
found the reaction to be catalysed by an active nickel(II) species, in which the overall
transformation is exergonic and the migratory insertion step is rate determining.
While this chapter achieved the overarching aims of this project discussed in Section 3.7, there
are several facets of this nickel-catalysed reaction that warrant further investigation in order to
increase the yield of dihydroquinolines 368aa–368ga. These future directions, which have been
alluded to throughout Chapter 4 of this dissertation include: (1) conducting a more detailed
investigation into the effect of the concentration of water, boronic acid and base on the reaction;
(2) investigating the reaction mechanism of allenyl benzoxazinanones and boronic acids using
DFT calculations, accounting for both the involvement of acetonitrile and 2,2′-bipyridine as
potential ligands; (3) investigating the transmetalation step of the nickel-catalysed reaction using
DFT calculations, and performing calculations with other electron-poor boronic acids such as
4-nitrophenylboronic acid; and (4) developing an asymmetric protocol for the reaction of allenyl
benzoxazinanone with boronic acids 352 using commercially available chiral bidentate diamine
ligands (Scheme 4.34a). Furthermore, the allenyl benzoxazinanone 348a could be used in less
complex transformations, such as the palladium-catalysed C–O bond formation reaction between
allenyl benzoxazinanone 348a and phenols, inspired by the work of Yu and Ma
(Scheme 4.34b).61a Not only will this reaction provide interesting substituted allenes, but it will
also provide evidence for the formation of the vinyl–allyl Pd(II) intermediate 431 previously
alluded to in Section 3.3.
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Scheme 4.34. Future directions for the nickel-catalysed reaction of allenyl benzoxazinanone 348a with
4-methoxyphenylboronic acid 352a.
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Chapter 5. Experimental Procedures
5.1. General Information

All reagents were purchased from Sigma-Aldrich, ChemSupply, AK Scientific or Precious Metals
Online and were used as received, unless otherwise stated. Anhydrous solvents were either
purchased from Sigma-Aldrich directly (1,2-dichloroethane, 1,4-dioxane, DMSO and MeCN in
Sure/Seal bottles) or were prepared by passing solvent over a column of activated alumina,
followed by storage under a nitrogen atmosphere over 3 Å molecular sieves (CH2Cl2, DMF, THF
and toluene). All reactions, unless otherwise stated, were carried out in oven-dried (120 °C)
glassware, equipped with a magnetic stir bar under an atmosphere of nitrogen or argon.
Reactions were monitored by thin layer chromatography (TLC) using aluminium-backed
silica gel 60 plates with fluorescent indicator F254 purchased from Rowe Scientific. Compounds
were visualised by exposure to ultraviolet light (254 nm), followed by staining with potassium
permanganate stain (1.50 g KMnO4, 10.0 g K2CO3, 1.25 mL 10 wt% NaOH solution and
200 mL water), anisaldehyde stain (4.0 mL 4-methoxybenzaldehyde, 2.0 mL glacial acetic acid,
5.0 mL concentrated H2SO4 and 150 mL EtOH) or ninhydrin stain (5.0 g ninhydrin and
150 mL EtOH). Flash column chromatography was performed using flash grade silica gel
(40–60 μm) purchased from ChemSupply or neutral aluminium oxide (5–40 μm) purchased from
Sigma-Aldrich.
NMR spectra were recorded using a Varian 500 (500 MHz 1H NMR, 126 MHz

13

C NMR),

Bruker 500 (500 MHz 1H NMR, 126 MHz 13C NMR) or Bruker 400 spectrometer (400 MHz
1

H NMR, 101 MHz 13C NMR). NMR spectra were recorded in deuterated chloroform (CDCl3)

containing 0.1% (v/v) TMS, deuterium oxide (D2O), deuterated methanol (methanol-d4) or
deuterated acetone (acetone-d6). Chemical shifts (δ) were measured in parts per million (ppm)
and coupling constants (J) in hertz (Hz). All chemical shifts were referenced to the TMS signal
(0.00 ppm, 1H NMR), the CDCl3 signal (7.26 ppm, 1H NMR and 77.16 ppm, 13C NMR), the D2O
signal (4.79 ppm, 1H NMR), the methanol-d4 signal (3.31 ppm, 1H NMR and 49.00 ppm,
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13

C NMR) or the acetone-d6 signal (2.05 ppm, 1H NMR and 29.84 ppm,

Trifluorotoluene (TFT) was used as an external reference for

13

C NMR).

19

F NMR analysis and was

referenced to –63.72 ppm. Multiplicities of 1H NMR signals were abbreviated as follows:
singlet (s), broad singlet (br s), doublet (d), doublet of doublets (dd), doublet of doublet of
doublets (ddd), triplet (t), apparent triplet (app. t), doublet of triplets (dt), triplet of doublets (td)
and multiplet (m). 1H and 13C NMR assignments were confirmed by analysis of APT, gCOSY,
gHSQC and gHMBC spectra. Carbon resonances that were not observed via 1-D

13

C NMR

analysis or 2-D gHSQC and gHMBC analysis are labelled as “missing”. Quaternary aromatic
carbons are labelled as “ArC” and tertiary aromatic carbons bonded to one hydrogen atom are
labelled as “ArCH”.
Melting points (Mp) were measured using a Buchi M-560 capillary melting point apparatus.
High-resolution mass spectrometry (HRMS) was recorded on a Waters Xerox G1 QTOF mass
spectrometer. Infrared spectra were collected on a Shimadzu IRAffinity-1 Miracle 10 Fourier
transform infrared (FTIR) spectrometer or a Bruker Vertex 70 FTIR spectrometer, with bands
recorded in wavenumbers (cm-1). Chiral high-performance liquid chromatography (HPLC) was
performed using a Shimadzu Nexera X2 UHPLC system equipped with a PDA detector, using a
Phenomenex Lux i-Cellulose-5 column as the stationary phase and an isopropanol/hexane
(15% IPA/hex) mobile phase.
Palladium(0) catalysts, Pd(PPh3)4 and Pd2(dba)3•CHCl3, were synthesized using procedures
outlined by Coulson et al.117 and Zalesskiy et al.,118 respectively. Indoles 148g–t were prepared
by former members of the Hyland group, Dr. Daniel Rivinoja and Dr. Yi Sing Gee following their
published procedures.22a, 23
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5.2. Synthesis of Vinyl and Allenyl Benzoxazinanones
General Procedure A: Reduction of Anthranilic Acids 150a–g35d, 84b

To a solution of LiAlH4 (2.0 equiv.) in anhydrous THF (3.0 M) cooled to 0 °C was added a
solution of the corresponding commercially available anthranilic acid 150a–g (1.0 equiv.) in
anhydrous THF (0.5 M) dropwise. After complete addition, the reaction mixture was left to warm
to room temperature and stirred for 2−21 h. The reaction mixture was then cooled to 0 °C, diluted
with Et2O and excess LiAlH4 was quenched by the dropwise addition of H2O (1 mL/g of LiAlH4),
15 wt% NaOH solution (1 mL/g of LiAlH4) and H2O (3 mL/g of LiAlH4). Magnesium sulfate was
then added, and the suspension was left to stir for 15 minutes at room temperature. The suspension
was filtered, rinsed with Et2O and the filtrate was evaporated under reduced pressure to yield the
crude product. The crude alcohol (151a–g) was then either recrystallised using EtOAc/n-hexanes
or was clean enough to be used in the next reaction without purification.
(2-Aminophenyl)methanol (151a)

Prepared via General Procedure A using 2-aminobenzoic acid (2.00 g, 14.57 mmol) and LiAlH4
(1.10 g, 28.86 mmol) in THF (38.80 mL) with a 16 h reaction time. Brown solid
(1.65 g, 92% yield). 1H NMR (400 MHz, CDCl3): δ 7.13 (td, J = 7.7, 1.6 Hz, 1H, ArH), 7.06
(dd, J = 7.4, 1.7 Hz, 1H, ArH), 6.74–6.68 (m, 2H, 2 × ArH), 4.66 (s, 2H, CH2),
4.16 (br s, 2H, NH2) ppm. 13C NMR (101 MHz, CDCl3): δ 146.2 (ArC), 129.5 (ArCH), 129.3
(ArCH), 124.9 (ArC), 118.3 (ArCH), 116.2 (ArCH), 64.6 (CH2) ppm. NMR data matches
literature values.84b
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(2-Amino-6-fluorophenyl)methanol (151b)

Prepared via General Procedure A using 2-amino-6-fluorobenzoic acid (1.97 g, 12.68 mmol) and
LiAlH4 (0.98 g, 25.80 mmol) in THF (33.60 mL) with a 19 h reaction time. Recrystallisation
from EtOAc/n-hexanes gave 151b as an off-white, crystalline solid (1.23 g, 69% yield).
H NMR (400 MHz, CDCl3): δ 7.04 (td, J = 8.1, 6.4 Hz, 1H, ArH), 6.47–6.41 (m, 2H, 2 × ArH),

1

4.76 (dd, J = 5.2, 1.8 Hz, 2H, CH2), 4.31 (br s, 2H, NH2), 1.67 (t, J = 5.7 Hz, 1H, OH) ppm.
13

C NMR (101 MHz, CDCl3): δ 161.2 (d, 1JCF = 243.5 Hz, ArC–F), 148.4 (d, 3JCF = 6.3 Hz, ArC),

129.9 (d, 3JCF = 11.0 Hz, ArCH), 112.2 (d, 2JCF = 17.2 Hz, ArC), 111.6 (d, 4JCF = 2.9 Hz, ArCH),
104.8 (d, 2JCF = 23.4 Hz, ArCH), 55.4 (d, 3JCF = 7.0 Hz, CH2) ppm. 19F NMR (470 MHz, CDCl3):
δ –(121.35–121.39) (m) ppm. NMR data matches literature values.119

(2-Amino-5-methoxyphenyl)methanol (151c)

Prepared via General Procedure A using 2-amino-5-methoxybenzoic acid (0.50 g, 3.01 mmol)
and LiAlH4 (0.23 g, 5.98 mmol) in THF (8.00 mL) with a 16 h reaction time. Pale yellow solid
(0.41 g, 89% yield). 1H NMR (400 MHz, CDCl3): δ 6.75–6.70 (m, 2H, 2 × ArH), 6.66
(d, J = 8.4 Hz, 1H, ArH), 4.65 (s, 2H, CH2), 3.75 (s, 3H, OCH3) ppm. 13C NMR (101 MHz,
CDCl3): δ 152.7 (ArC–OCH3), 139.5 (ArC), 126.6 (ArC), 117.5 (ArCH), 115.1 (ArCH), 114.7
(ArCH), 64.4 (CH2), 56.0 (OCH3) ppm. NMR data matches literature values.84b
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(2-Amino-5-bromophenyl)methanol (151d)

Prepared via General Procedure A using 2-amino-5-bromobenzoic acid (0.51 g, 2.34 mmol) and
LiAlH4 (0.18 g, 4.77 mmol) in THF (6.30 mL) with a 16 h reaction time. Yellow solid
(0.44 g, 92% yield).

H NMR (400 MHz, CDCl3): δ 7.23–7.18 (m, 2H, 2 × ArH), 6.58

1

(d, J = 8.3 Hz, 1H, ArH), 4.62 (d, J = 5.5 Hz, 2H, CH2), 4.18 (br s, 2H, NH2), 1.66
(t, J = 5.8 Hz, 1H, OH) ppm. 13C NMR (101 MHz, CDCl3): δ 145.2 (ArC), 132.0 (ArCH), 131.7
(ArCH), 126.7 (ArC), 117.7 (ArCH), 109.7 (ArC–Br), 63.9 (CH2) ppm. NMR data matches
literature values.84b
(2-Amino-4-chlorophenyl)methanol (151e)

Prepared via General Procedure A using 2-amino-4-chlorobenzoic acid (2.00 g, 11.68 mmol)
and LiAlH4 (0.89 g, 23.33 mmol) in THF (31.10 mL) with a 2 h reaction time. Recrystallisation
from EtOAc/n-hexanes gave 151e as a white, crystalline solid (0.98 g, 53% yield).
H NMR (500 MHz, CDCl3): δ 6.97 (d, J = 7.9 Hz, 1H, ArH), 6.69–6.66 (m, 2H, 2 × ArH),

1

4.64 (d, J = 5.6 Hz, 2H, CH2), 4.27 (br s, 2H, NH2), 1.53 (t, J = 6.0 Hz, 1H, OH) ppm.
C NMR (126 MHz, CDCl3): δ 147.5 (ArC), 134.9 (ArC–Cl), 130.3 (ArCH), 123.1 (ArC), 118.0

13

(ArCH), 115.7 (ArCH), 64.0 (CH2) ppm. NMR data matches literature values.84b
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(2-Amino-3,4-dimethylphenyl)methanol (151f)

Prepared via General Procedure A using 2-amino-3,4-dimethylbenzoic acid (2.00 g,
12.09 mmol) and LiAlH4 (0.92 g, 24.17 mmol) in THF (32.30 mL) with a 2 h reaction time.
Recrystallisation

from

EtOAc/n-hexanes

gave

151f

as

a

beige,

crystalline

solid

(1.45 g, 79% yield). Mp 88–90 °C. 1H NMR (500 MHz, CDCl3): δ 6.81 (d, J = 7.5 Hz, 1H, ArH),
6.56 (d, J = 7.5 Hz, 1H, ArH), 4.60 (s, 2H, CH2), 4.15 (br s, 2H, NH2), 2.26 (s, 3H, C4–CH3),
2.07 (s, 3H, C3–CH3) ppm. 13C NMR (126 MHz, CDCl3): δ 144.2 (ArC), 137.4 (ArC), 126.4
(ArCH), 122.4 (ArC), 121.2 (ArC), 119.6 (ArCH), 64.7 (CH2), 20.8 (C4–CH3), 12.7 (C3–CH3)
ppm. FTIR v̅ max (cm-1): 3353, 3287, 3210, 3101, 2912, 2858, 1608, 1460, 1430, 1082, 1021, 994,
895, 844, 805, 764, 724, 563. HRMS-ESI (m/z): [M + H]+ calcd for C9H14NO, 152.1075;
found, 152.1080.
(2-Amino-3-methylphenyl)methanol (151g)

Prepared via General Procedure A using 2-amino-3-methylbenzoic acid (1.99 g, 13.17 mmol)
and LiAlH4 (1.01 g, 26.64 mmol) in THF (35.30 mL) with a 21 h reaction time. Brown solid
(1.29 g, 72% yield). 1H NMR (400 MHz, CDCl3): δ 7.05 (dd, J = 7.5, 0.8 Hz, 1H, ArH), 6.95
(dd, J = 7.5, 1.6 Hz, 1H, ArH), 6.65 (app. t, J = 7.5 Hz, 1H, ArH), 4.68 (s, 2H, CH2), 2.19
(s, 3H, CH3) ppm. 13C NMR (101 MHz, CDCl3): δ 144.4 (ArC), 130.8 (ArCH), 127.3 (ArCH),
124.2 (ArC), 122.8 (ArC–CH3), 117.7 (ArCH), 64.8 (CH2), 17.4 (CH3) ppm. NMR data matches
literature values.120
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Synthesis of (2-Amino-5-nitrophenyl)methanol (151h)84a

To a solution of 2-amino-5-nitrobenzoic acid (1.00 g, 5.49 mmol, 1.00 equiv.) in anhydrous THF
(19.60 mL) at room temperature was added a solution of borane dimethyl sulfide complex
(2.0 M in THF, 16.47 mL, 32.94 mmol, 6.00 equiv.) dropwise. The reaction mixture was left to
stir at room temperature for 115 hours, before excess borane dimethyl sulfide was quenched by
the dropwise addition of MeOH. The solvent was evaporated under reduced pressure to give the
crude product, which was purified by FCC (50% EtOAc/n-hexanes) to give alcohol 151h as a
bright yellow solid (0.81 g, 88% yield).
H NMR (400 MHz, CD3OD): δ 8.07 (d, J = 2.7 Hz, 1H, ArH), 7.95 (dd, J = 8.9, 2.7 Hz, 1H,

1

ArH), 6.69 (d, J = 9.0 Hz, 1H, ArH), 4.57 (s, 2H, CH2) ppm. 13C NMR (400 MHz, CD3OD):
δ 154.6 (ArC) 138.5 (ArC–NO2), 126.2 (ArCH), 125.6 (ArCH), 125.0 (ArC), 114.6 (ArCH), 62.4
(CH2) ppm. NMR data matches literature values.121

General Procedure B: Protection of 2-Aminobenzyl Alcohols 151a–h35d

To a solution of the corresponding 2-aminobenzyl alcohol 151a–h (1.0 equiv.) in a mixture of
saturated aqueous NaHCO3, dioxane and H2O (1:1:1, 0.5 M) cooled to 0 °C was added methyl
chloroformate (1.2 equiv.) dropwise. After complete addition, the reaction mixture was left to
warm to room temperature and monitored by TLC for consumption of the starting 2-aminobenzyl
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alcohol. After stirring for 4−67 h, the reaction mixture was diluted with brine and the aqueous
layer was extracted with CH2Cl2 (3 ×). The combined organic phases were dried over MgSO4,
filtered and concentrated under reduced pressure to yield the crude product. The crude carbamate
(152a–h) was then either recrystallised using EtOAc/n-hexanes or was clean enough to be used
in the next reaction without purification.
Methyl (2-(hydroxymethyl)phenyl)carbamate (152a)

Prepared via General Procedure B using 2-aminobenzyl alcohol 151a (0.50 g, 4.07 mmol) and
methyl chloroformate (0.38 mL, 4.87 mmol) in a mixture of saturated aqueous NaHCO3, dioxane
and H2O (8.10 mL) with a 47 h reaction time. Brown oil (0.69 g, 93% yield). 1H NMR
(400 MHz, CDCl3): δ 7.92–7.90 (m, 2H, ArH and NH), 7.32 (td, J = 7.8, 1.7 Hz, 1H, ArH), 7.15
(dd, J = 7.5, 1.6 Hz, 1H, ArH), 7.03 (td, J = 7.5, 1.2 Hz, 1H, ArH), 4.68 (s, 2H, CH2), 3.76
(s, 3H, CH3) ppm.

C NMR (101 MHz, CDCl3): δ 154.7 (CO), 137.8 (ArC), 129.3 (ArCH),
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129.1 (ArC), 128.9 (ArCH), 123.6 (ArCH), 121.2 (ArCH), 64.4 (CH2), 52.4 (CH3) ppm. NMR
data matches literature values.122
Methyl (3-fluoro-2-(hydroxymethyl)phenyl)carbamate (152b)

Prepared via General Procedure B using 2-aminobenzyl alcohol 151b (0.50 g, 3.52 mmol) and
methyl chloroformate (0.33 mL, 4.25 mmol) in a mixture of saturated aqueous NaHCO3, dioxane
and H2O (7.10 mL) with an 18 h reaction time. Recrystallisation from EtOAc/n-hexanes gave
152b as a white, crystalline solid (0.55 g, 78% yield). Mp 97−102 °C. 1H NMR (400 MHz,
CDCl3): δ 7.99 (br s, 1H, NH), 7.74 (d, J = 8.3 Hz, 1H, ArH), 7.29–7.23 (m, 1H, ArH), 6.79
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(ddd, J = 9.4, 8.3, 1.1 Hz, 1H, ArH), 4.82 (dd, J = 5.9, 1.5 Hz, 2H, CH2), 3.78 (s, 3H, CH3), 2.07
(t, J = 5.8 Hz, 1H, OH) ppm. 13C NMR (126 MHz, CDCl3): δ 160.2 (d, 1JCF = 244.5 Hz, ArC–F),
154.6 (CO), 139.7 (d, 3JCF = 5.7 Hz, ArC), 129.9 (d, 3JCF = 9.9 Hz, ArCH), 116.6 (ArCH), 116.4
(ArC), 110.4 (d, 2JCF = 22.9 Hz, ArCH), 55.5 (d, 3JCF = 7.2 Hz, CH2), 52.6 (CH3) ppm. 19F NMR
(470 MHz, CDCl3): δ –118.90 (t, J = 8.4 Hz) ppm. FTIR v̅ max (cm-1): 3459, 3274, 2955, 1702,
1596, 1547, 1472, 1450, 1247, 1234, 1021, 1001, 792, 767, 552. HRMS-ESI (m/z): [M + Na]+
calcd for C9H10FNNaO3, 222.0542; found, 222.0547.
Methyl (2-(hydroxymethyl)-4-methoxyphenyl)carbamate (152c)

Prepared via General Procedure B using 2-aminobenzyl alcohol 151c (0.50 g, 3.25 mmol) and
methyl chloroformate (0.30 mL, 3.92 mmol) in a mixture of saturated aqueous NaHCO3, dioxane
and H2O (6.50 mL) with a 24 h reaction time. Recrystallisation from EtOAc/n-hexanes gave 152c
as an off-white, crystalline solid (0.68 g, 99% yield). Mp 95−97 °C. 1H NMR (400 MHz, CDCl3):
δ 7.65 (br s, 1H, ArH), 7.41 (br s, 1H, NH), 6.85 (dd, J = 8.8, 3.0 Hz, 1H, ArH), 6.79
(d, J = 3.0 Hz, 1H, ArH), 4.64 (d, J = 5.7 Hz, 2H, CH2), 3.79 (s, 3H, OCH3), 3.76 (s, 3H, CH3),
2.27 (br s, 1H, OH) ppm. 13C NMR (101 MHz, CDCl3): δ 156.4 (ArC–OCH3), 155.4 (CO), 132.3
(ArC), 130.1 (ArC), 123.9 (ArCH), 114.9 (ArCH), 114.0 (ArCH), 64.0 (CH2), 55.7 (OCH3), 52.5
(CH3) ppm. FTIR v̅ max (cm-1): 3273, 2955, 1694, 1530, 1495, 1283, 1250, 1213, 1021, 668, 645,
613, 578, 371, 362. HRMS-ESI (m/z): [M + Na]+ calcd for C10H13NO4Na, 234.0742; found,
234.0733.
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Methyl (4-bromo-2-(hydroxymethyl)phenyl)carbamate (152d)

Prepared via General Procedure B using 2-aminobenzyl alcohol 151d (0.99 g, 4.91 mmol) and
methyl chloroformate (0.46 mL, 5.94 mmol) in a mixture of saturated aqueous NaHCO3, dioxane
and H2O (9.90 mL) with a 4 h reaction time. Recrystallisation from EtOAc/n-hexanes gave 152d
as a white, crystalline solid (0.90 g, 71% yield). Mp 102−104 °C. 1H NMR (400 MHz, CDCl3):
δ 7.91 (br s, 1H, NH), 7.84 (d, J = 8.7 Hz, 1H, ArH), 7.42 (dd, J = 8.7, 2.4 Hz, 1H, ArH), 7.29
(d, J = 2.4 Hz, 1H, ArH), 4.65 (d, J = 5.8 Hz, 2H, CH2), 3.77 (s, 3H, CH3), 2.22
(t, J = 5.8 Hz, 1H, OH) ppm. 13C NMR (101 MHz, CDCl3): δ 154.5 (CO), 137.0 (ArC), 132.1
(ArCH), 131.6 (ArCH), 130.7 (ArC), 122.6 (ArCH), 115.9 (ArC–Br), 63.9 (CH2), 52.6
(CH3) ppm. FTIR v̅ max (cm-1): 3415, 3246, 2946, 1697, 1589, 1538, 1397, 1298, 1249, 1184,
1061, 1025, 869, 837, 801, 769, 658, 621, 597, 537, 449. HRMS-ESI (m/z): [M + Na]+ calcd for
C9H10BrNaNO3, 281.9742; found, 281.9740.
Methyl (5-chloro-2-hydroxymethyl)phenyl)carbamate (152e)

Prepared via General Procedure B using 2-aminobenzyl alcohol 151e (0.50 g, 3.16 mmol) and
methyl chloroformate (0.29 mL, 3.81 mmol) in a mixture of saturated aqueous NaHCO3, dioxane
and H2O (6.35 mL) with a 4 h reaction time. Recrystallisation from EtOAc/n-hexanes gave 152e
as a pale yellow, crystalline solid (0.46 g, 67% yield). Mp 94–96 °C. 1H NMR (400 MHz, CDCl3):
δ 8.05 (s, 1H, ArH), 8.02 (br s, 1H, NH), 7.07 (d, J = 8.2 Hz, 1H, ArH), 6.99 (dd, J = 8.1, 2.1 Hz,
1H, ArH), 4.68 (d, J = 5.7 Hz, 2H, CH2), 3.79 (s, 3H, CH3), 2.00 (t, J = 5.7 Hz, 1H, OH) ppm.
13

C NMR (101 MHz, CDCl3): δ 154.3 (CO), 139.2 (ArC), 135.2 (ArC–Cl), 129.8 (ArCH), 126.6

(ArC), 123.2 (ArCH), 120.8 (ArCH), 64.1 (CH2), 52.6 (CH3) ppm. FTIR v̅ max (cm-1): 3416, 3299,
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2953, 1702, 1588, 1530, 1473, 1409, 1274, 1243, 1186, 1065, 1002, 909, 814, 793, 768, 654, 626,
576, 502, 422. HRMS-ESI (m/z): [M + Na]+ calcd for C9H10ClNaNO3, 238.0247; found,
238.0254.
Methyl (6-(hydroxymethyl)-2,3-dimethylphenyl)carbamate (152f)

Prepared via General Procedure B using 2-aminobenzyl alcohol 151f (1.00 g, 6.59 mmol) and
methyl chloroformate (0.61 mL, 7.94 mmol) in a mixture of saturated aqueous NaHCO3, dioxane
and H2O (13.20 mL) with an 18 h reaction time. Recrystallisation from EtOAc/n-hexanes gave
152f as a beige, crystalline solid (1.07 g, 78% yield). Mp 115–118 °C. 1H NMR (400 MHz,
CDCl3): δ 7.14 (d, J = 7.7 Hz, 1H, ArH), 7.09 (d, J = 7.7 Hz, 1H, ArH), 6.64 (br s, 1H, NH), 4.59
(d, J = 5.4 Hz, 2H, CH2), 3.78 (s, 3H, CO2CH3), 2.54 (br s, 1H, OH), 2.30 (s, 3H, C3–CH3), 2.18
(s, 3H, C2–CH3) ppm. 13C NMR (101 MHz, CDCl3): δ (one ArC ‘missing’ due to overlap) 156.3
(CO), 138.1 (ArC), 134.6 (ArC), 133.9 (ArC), 128.8 (ArCH), 127.0 (ArCH), 63.4 (CH 2), 52.9
(CO2CH3), 20.7 (C3–CH3), 14.7 (C2–CH3) ppm. FTIR v̅ max (cm-1): 3285, 2946, 2870, 1700, 1524,
1477, 1459, 1292, 1251, 1047, 776, 701, 681, 658. HRMS-ESI (m/z): [M + Na]+ calcd for
C11H15NaNO3, 232.0950; found, 232.0953.
Methyl (2-(hydroxymethyl)-6-methylphenyl)carbamate (152g)

Prepared via General Procedure B using 2-aminobenzyl alcohol 151g (1.00 g, 7.27 mmol) and
methyl chloroformate (0.68 mL, 8.75 mmol) in a mixture of saturated aqueous NaHCO3, dioxane
and H2O (14.60 mL) with a 17 h reaction time. Recrystallisation from EtOAc/n-hexanes gave
152g as a pale yellow, crystalline solid (1.21 g, 85% yield). Mp 87–91 °C. 1H NMR (400 MHz,
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CDCl3): δ 7.26–7.17 (m, 3H, 3 × ArH), 6.59 (br s, 1H, NH), 4.62 (s, 2H, CH2), 3.78 (s, 3H,
CO2CH3), 2.69 (br s, 1H, OH), 2.29 (s, 3H, CH3) ppm.

C NMR (101 MHz, CDCl3): δ

13

(one ArC ‘missing’ due to overlap) 156.1 (CO), 137.1 (ArC), 134.0 (ArC), 130.9 (ArCH), 127.8
(ArCH), 127.4 (ArCH), 63.2 (CH2), 53.0 (CO2CH3), 18.4 (CH3) ppm. FTIR v̅ max (cm 1): 3284,
3203, 2922, 1701, 1521, 1462, 1251, 1190, 1074, 1052, 776, 700, 666. HRMS-ESI (m/z):
[M + H]+ calcd for C10H14NO3, 196.0974; found, 196.0967.
Methyl (2-(hydroxymethyl)-4-nitrophenyl)carbamate (152h)

Prepared via General Procedure B using 2-aminobenzyl alcohol 151h (0.50 g, 2.99 mmol) and
methyl chloroformate (0.28 mL, 3.57 mmol) in a mixture of saturated aqueous NaHCO3, dioxane
and H2O (5.95 mL) with a 67 h reaction time. Recrystallisation from EtOAc/n-hexanes gave 152h
as a yellow, crystalline solid (0.31 g, 45% yield). Mp 179–185 °C. 1H NMR (400 MHz, CDCl3):
δ 8.50 (br s, 1H, NH), 8.31 (d, J = 9.1 Hz, 1H, ArH), 8.21 (dd, J = 9.1, 2.7 Hz, 1H, ArH), 8.05
(d, J = 2.6 Hz, 1H, ArH), 4.83 (d, J = 5.6 Hz, 2H, CH2), 3.83 (s, 3H, CH3), 2.13
(t, J = 5.6 Hz, 1H, OH) ppm. 13C NMR (101 MHz, CDCl3): δ 153.8 (CO), 144.5 (ArC), 142.4
(ArC−NO2), 127.6 (ArC), 125.3 (ArCH), 124.3 (ArCH), 119.5 (ArCH), 64.3 (CH2), 52.9 (CH3)
ppm. FTIR v̅ max (cm 1): 3462, 3298, 1731, 1620, 1590, 1490, 1336, 1218, 1182, 1057, 1024, 897,
747, 663, 617, 523, 481, 440. HRMS-ESI (m/z): [M − H]− calcd for C9H9N2O5, 225.0511; found,
225.0510.
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Synthesis of Tert-butyl (2-(hydroxymethyl)phenyl)carbamate (152i)85

A

solution of

di-tert-butyl

dicarbonate

(2.02 g,

9.23

mmol,

1.13 equiv.)

and

(2-aminophenyl)methanol 151a (1.00 g, 8.15 mmol, 1.00 equiv.) in anhydrous THF (19.00 mL)
was heated at 60 °C for 40 hours. The solvent was then evaporated under reduced pressure to give
the crude product, which was purified by FCC (30% EtOAc/n-hexanes) to give carbamate 152i
as a yellow oil (1.71 g, 95% yield).
H NMR (400 MHz, CDCl3): δ 7.90 (d, J = 8.2 Hz, 1H, ArH), 7.62 (br s, 1H, NH), 7.31

1

(td, J = 7.8, 1.6 Hz, 1H, ArH), 7.17 (dd, J = 7.6, 1.6 Hz, 1H, ArH), 7.02 (td, J = 7.5, 1.2 Hz,
1H, ArH), 4.69 (d, J = 5.2 Hz, 2H, CH2), 2.11 (br s, 1H, OH), 1.52 (s, 9H, 3 × CH3 of t-Bu) ppm.
C NMR (101 MHz, CDCl3): δ 153.6 (CO), 138.1 (ArC), 129.3 (ArCH), 129.2 (ArC), 129.1

13

(ArCH), 123.3 (ArCH), 121.3 (ArCH), 80.6 (QC of t-Bu), 64.4 (CH2), 28.5 (CH3 of t-Bu) ppm.
NMR data matches literature values.123

Synthesis of Methyl (2-formylphenyl)carbamate (153a)56

To a solution of carbamate 152a (0.50 g, 2.75 mmol, 1.00 equiv.) in CH2Cl2 (20.00 mL) cooled
to 0 °C was added saturated aqueous NaHCO3 (10.00 mL), KBr (0.32 g, 2.72 mmol, 0.99 equiv.)
and TEMPO (21.70 mg, 0.14 mmol, 0.05 equiv.). A commercially available aqueous ‘bleach’
solution (9.78 mL) was then added dropwise via syringe pump over 30 minutes (bleach solution
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contained sodium hypochlorite [42 g/L in H2O, 9.78 mL aliquot = 0.41 g of NaOCl, 5.52 mmol,
2.00 equiv.] and NaOH [4 g/L, 9.78 mL aliquot = 39.12 mg of NaOH, 0.98 mmol, 0.36 equiv.]).
After complete addition, the reaction mixture was diluted with saturated aqueous Na 2S2O3
(10.00 mL) and the aqueous layer was extracted with CH2Cl2 (3 ×). The combined organic phases
were dried over Na2SO4, filtered and the filtrate was evaporated under reduced pressure to give
aldehyde 153a as a brown solid (0.47 g, 95% yield).
H NMR (500 MHz, CDCl3): δ 10.62 (br s, 1H, NH), 9.91 (d, J = 0.7 Hz, 1H, CHO), 8.46

1

(d, J = 8.5 Hz, 1H, ArH), 7.65 (dd, J = 7.7, 1.7 Hz, 1H, ArH), 7.62–7.59 (m, 1H, ArH), 7.18
(td, J = 7.5, 1.0 Hz, 1H, ArH), 3.81 (s, 3H, CH3) ppm. 13C NMR (101 MHz, CDCl3): δ 195.2
(CHO), 154.3 (CO), 141.4 (ArC), 136.19 (ArCH), 136.16 (ArCH), 122.1 (ArCH), 121.5 (ArC),
118.4 (ArCH) 52.6 (CH3) ppm. NMR data matches literature values.122

General Procedure C: Oxidation of Alcohols 152b–i84b

To a solution of the corresponding alcohol 152b–i (1.0 equiv.) in anhydrous CH2Cl2 (0.1–0.2 M)
at room temperature was added PCC (1.2−1.5 equiv.) and celite (3 g/1 g of PCC). The reaction
mixture was left to stir at room temperature for 1–24 h before it was filtered using a sintered glass
funnel. The residue was washed with CH2Cl2 and the filtrate was evaporated under reduced
pressure to give the crude product. The crude product was then purified by FCC to give the
corresponding aldehyde 153b–i.
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Methyl (3-fluoro-2-formylphenyl)carbamate (153b)

Prepared via General Procedure C using alcohol 152b (0.40 g, 2.02 mmol), PCC (0.53 g,
2.45 mmol) and celite (1.57 g) in CH2Cl2 (20.10 mL, 0.10 M) with a 3 h reaction time. Purification
by FCC (40% EtOAc/n-hexanes) gave 153b as a white solid (0.38 g, 96% yield). Mp 103–106
°C. 1H NMR (500 MHz, CDCl3): δ 10.86 (br s, 1H, NH), 10.37 (s, 1H, CHO), 8.25 (d, J = 8.6 Hz,
1H, ArH), 7.55 (td, J = 8.5, 6.5 Hz, 1H, ArH), 6.78 (dd, J = 10.6, 8.3 Hz, 1H, ArH), 3.81
(s, 3H, CH3) ppm.
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C NMR (126 MHz, CDCl3): δ 190.5 (d, 3JCF = 13.0 Hz, CHO), 166.2

(d, 1JCF = 257.8 Hz, ArC–F), 154.2 (CO), 142.8 (d, 3JCF = 2.9 Hz, ArC), 138.0 (d, 3JCF = 11.6 Hz,
ArCH), 114.2 (d, 4JCF = 3.7 Hz, ArCH), 110.5 (d, 2JCF = 8.8 Hz, ArC), 108.6 (d, 2JCF = 20.7 Hz,
ArCH), 52.7 (CH3) ppm. 19F NMR (470 MHz, CDCl3): δ –122.62 (dd, J = 10.7, 6.5 Hz) ppm.
FTIR v̅ max (cm-1): 3227, 2957, 1729, 1582, 1529, 1472, 1445, 1415, 1246, 1217, 1190, 1171,
1090, 991, 827, 794, 768, 720, 700, 627, 512. HRMS-ESI (m/z): [M − H]− calcd for C9H7FNO3,
196.0410; found, 196.0401.
Methyl (2-formyl-4-methoxyphenyl)carbamate (153c)

Prepared via General Procedure C using alcohol 152c (0.49 g, 2.31 mmol), PCC (0.66 g,
3.07 mmol) and celite (1.85 g) in CH2Cl2 (23.70 mL, 0.10 M) with a 2 h reaction time. Purification
by FCC (40% EtOAc/n-hexanes) gave 153c as a yellow solid (0.37 g, 76% yield). 1H NMR
(400 MHz, CDCl3): δ 10.32 (br s, 1H, NH), 9.87 (d, J = 0.9 Hz, 1H, CHO), 8.39 (d, J = 9.1 Hz,
1H, ArH), 7.18 (ddd, J = 9.2, 3.1, 0.5 Hz, 1H, ArH), 7.13 (d, J = 3.1 Hz, 1H, ArH), 3.85
(s, 3H, OCH3), 3.79 (s, 3H, CO2CH3) ppm. 13C NMR (101 MHz, CDCl3): δ 194.8 (CHO), 154.6
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(ArC–OCH3), 154.4 (CO), 135.0 (ArC), 122.6 (ArCH), 122.1 (ArC), 120.2 (ArCH), 119.4
(ArCH), 55.9 (OCH3), 52.5 (CO2CH3) ppm. NMR data matches literature values.124
Methyl (4-bromo-2-formylphenyl)carbamate (153d)

Prepared via General Procedure C using alcohol 152d (0.45 g, 1.73 mmol), PCC (0.46 g,
2.14 mmol) and celite (1.35 g) in CH2Cl2 (17.5 mL, 0.10 M) with a 3 h reaction time. Purification
by FCC (40% EtOAc/n-hexanes) gave 153d as a white solid (0.39 g, 88% yield). 1H NMR
(400 MHz, CDCl3): δ 10.52 (br s, 1H, NH), 9.84 (s, 1H, CHO), 8.39 (d, J = 9.1 Hz, 1H, ArH),
7.75 (s, 1H, ArH), 7.68 (dd, J = 9.1 Hz, 1H, ArH), 3.81 (s, 3H, CH3) ppm.
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C NMR

(101 MHz, CDCl3): δ 193.9 (CHO), 154.0 (CO), 140.3 (ArC), 138.8 (ArCH), 138.0 (ArCH),
122.7 (ArC), 120.4 (ArCH), 114.1 (ArC–Br), 52.7 (CH3) ppm. NMR data matches literature
values.125
Methyl (5-chloro-2-formylphenyl)carbamate (153e)

Prepared via General Procedure C using alcohol 152e (0.39 g, 1.81 mmol), PCC (0.50 g,
2.31 mmol) and celite (1.44 g) in CH2Cl2 (18.60 mL, 0.10 M) with a 3 h reaction time. Purification
by FCC (40% EtOAc/n-hexanes) gave 153e as a white solid (0.33 g, 85% yield). Mp 109–113
°C. 1H NMR (400 MHz, CDCl3): δ 10.68 (br s, 1H, NH), 9.87 (d, J = 0.7 Hz, 1H, CHO), 8.54
(dd, J = 2.0, 0.7 Hz, 1H, ArH), 7.57 (d, J = 8.2 Hz, 1H, ArH), 7.14 (dd, J = 8.3, 1.9 Hz, 1H, ArH),
3.82 (s, 3H, CH3) ppm.
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C NMR (101 MHz, CDCl3): δ 194.0 (CHO), 154.0 (CO), 143.0

(ArC–Cl), 142.3 (ArC), 137.1 (ArCH), 122.5 (ArCH), 119.8 (ArC), 118.7 (ArCH), 52.8 (CH3)
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ppm. FTIR v̅ max (cm-1): 3234, 3116, 2956, 1728, 1673, 1581, 1514, 1426, 1250, 1225, 1192, 1130,
1088, 1060, 921, 874, 823, 805, 724, 700, 553, 445. HRMS-ESI (m/z): [M − H]− calcd for
C9H7ClNO3, 212.0114; found, 212.0116.
Methyl (6-formyl-2,3-dimethylphenyl)carbamate (153f)

Prepared via General Procedure C using alcohol 152f (0.50 g, 2.39 mmol), PCC (0.62 g,
2.85 mmol) and celite (1.85 g) in CH2Cl2 (23.90 mL, 0.10 M) with a 19 h reaction time.
Purification by FCC (40% EtOAc/n-hexanes) gave 153f as a white solid (0.39 g, 79% yield).
Mp 115–118 °C. 1H NMR (400 MHz, CDCl3): δ 9.92 (s, 1H, CHO), 8.60 (br s, 1H, NH), 7.48
(d, J = 7.7 Hz, 1H, ArH), 7.20 (d, J = 7.7 Hz, 1H, ArH), 3.77 (s, 3H, CO2CH3), 2.38
(s, 3H, C3–CH3), 2.19 (s, 3H, C2–CH3) ppm.

C NMR (101 MHz, CDCl3): δ 193.5 (CHO),
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155.1 (CO), 146.1 (ArC), 137.2 (ArC), 134.0 (ArC), 131.9 (ArCH), 127.4 (ArCH), 126.8 (ArC),
52.9 (CO2CH3), 21.5 (C3–CH3), 15.3 (C2–CH3) ppm. FTIR v̅ max (cm-1): 3284, 2961, 2864, 1682,
1598, 1521, 1258, 1242, 1221, 1194, 837, 1049, 782, 665. HRMS-ESI (m/z): [M + H]+ calcd for
C11H14NO3, 208.0974; found, 208.0970.
Methyl (2-formyl-6-methylphenyl)carbamate (153g)

Prepared via General Procedure C using alcohol 152g (0.80 g, 4.10 mmol), PCC (1.11 g,
5.16 mmol) and celite (3.17 g) in CH2Cl2 (20.49 mL, 0.20 M) with a 21 h reaction time.
Purification by FCC (40% EtOAc/n-hexanes) gave 153g as an off-white solid (0.65 g, 82% yield).
H NMR (400 MHz, CDCl3): δ 10.00 (s, 1H, CHO), 8.43 (br s, 1H, NH), 7.59 (dd, J = 7.6, 1.7 Hz,

1

169

1H, ArH), 7.49 (d, J = 7.4 Hz, 1H, ArH), 7.30 (app. t, J = 7.6 Hz, 1H, ArH), 3.78 (s, 3H, CO2CH3),
2.34 (s, 3H, CH3) ppm. 13C NMR (101 MHz, CDCl3): δ 193.5 (CHO), 154.9 (CO), 137.4 (ArCH),
137.2 (ArC), 135.2 (ArC), 131.8 (ArCH), 128.8 (ArC), 125.7 (ArCH), 53.0 (CO2CH3), 18.7 (CH3)
ppm. NMR matches literature values.124
Methyl (2-formyl-4-nitrophenyl)carbamate (153h)

Prepared via General Procedure C using alcohol 152h (0.22 g, 0.97 mmol), PCC (0.27 g,
1.26 mmol) and celite (0.76 g) in CH2Cl2 (9.73 mL, 0.10 M) with a 3 h reaction time. Purification
by FCC (20% EtOAc/n-hexanes) gave 153h as a white solid (74.90 mg, 34% yield).
Mp 180–182 °C. 1H NMR (400 MHz, CDCl3): δ 10.91 (br s, 1H, NH), 10.00 (d, J = 0.8 Hz, 1H,
CHO), 8.68 (d, J = 9.1 Hz, 1H, ArH), 8.60 (d, J = 2.7 Hz, 1H, ArH), 8.44
(ddd, J = 9.4, 2.7, 0.6 Hz, 1H, ArH), 3.86 (s, 3H, CH3) ppm.
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C NMR (101 MHz, CDCl3):

δ 193.6 (CHO), 153.7 (CO), 146.4 (ArC), 141.9 (ArC–NO2), 131.4 (ArCH), 130.8 (ArCH), 120.6
(ArC), 119.0 (ArCH), 53.2 (CH3) ppm. FTIR v̅ max (cm-1): 3246, 2922, 2853, 1736, 1689, 1587,
1494, 1458, 1341, 1246, 1219, 1185, 1141, 1104, 1055, 905, 842, 807, 747, 684, 648, 389, 359.
HRMS-ESI (m/z): [M − H]− calcd for C9H7N2O5, 223.0355; found, 223.0345.
Tert-butyl (2-formylphenyl)carbamate (153i)

Prepared via General Procedure C using alcohol 152i (0.40 g, 1.77 mmol) and PCC (0.58 g,
2.67 mmol) in CH2Cl2 (15.00 mL, 0.12 M) with a 2 h reaction time. Purification by FCC through
a plug of silica gel (50–100% EtOAc/n-hexanes) gave 153i as a yellow oil (0.33 mg, 85% yield).
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H NMR (500 MHz, CDCl3): δ 10.39 (br s, 1H, NH), 9.90 (s, 1H, CHO), 8.46 (d, J = 8.5 Hz, 1H,
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ArH), 7.62 (dd, J = 7.7, 1.7 Hz, 1H, ArH), 7.57 (ddd, J = 8.7, 7.3, 1.7 Hz, 1H, ArH), 7.13
(td, J = 7.5, 1.1 Hz, 1H, ArH), 1.54 (s, 9H, 3 × CH3 of t-Bu) ppm. 13C NMR (126 MHz, CDCl3):
δ 195.2 (CHO), 152.9 (CO), 141.9 (ArC), 136.1 (ArCH), 136.0 (ArCH), 121.6 (ArCH), 121.3
(ArC), 118.3 (ArCH), 81.1 (QC of t-Bu), 28.3 (CH3 of t-Bu) ppm. NMR data matches literature
values.126

Synthesis of Methyl benzyl(2-formylphenyl)carbamate (430)122

To a solution of aldehyde 153a (0.30 g, 1.66 mmol, 1.00 equiv.) and Cs2CO3 (0.82 g,
2.51 mmol, 1.51 equiv.) in anhydrous MeCN (16.70 mL) at room temperature was added benzyl
bromide (0.30 mL, 2.51 mmol, 1.50 equiv.). The reaction mixture was heated at 50 °C for
16 hours before it was filtered through a short plug of silica gel. The filtrate was evaporated under
reduced pressure to give the crude product, which was purified by FCC (20% EtOAc/n-hexanes)
to give 430 as a yellow oil (0.34 g, 76% yield).
H NMR (400 MHz, CDCl3): δ 9.73 (br s, 1H, CHO), 7.84 (dd, J = 7.8, 1.8 Hz, 1H, ArH), 7.56
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(td, J = 7.7, 1.7 Hz, 1H, ArH), 7.43–7.37 (m, 1H, ArH), 7.27–7.25 (m, 3H, 3 × ArH), 7.17–7.16
(m, 2H, 2 × ArH), 7.12 (d, J = 7.9 Hz, 1H, ArH), 4.91−4.84 (m, 2H, CH2), 3.66 (br s, 3H, CH3)
ppm. 13C NMR (126 MHz, CDCl3): δ 189.7 (CHO), 156.3 (CO), 143.4 (ArC), 136.5 (ArC), 134.9
(ArCH), 133.0 (ArC), 129.3 (ArCH), 129.1 (ArCH), 128.9 (ArCH), 128.8 (ArCH), 128.15
(ArCH), 128.09 (ArCH), 55.2 (CH2), 53.5 (CH3) ppm. NMR data matches literature values.122, 124
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Synthesis of Tert-butyl (2-formylphenyl) carbonate (431)127

To a solution of di-tert-butyl dicarbonate (3.65 g, 16.70 mmol, 1.02 equiv.) in anhydrous THF
(16.40 mL) at room temperature was added 4-(dimethylamino)pyridine (62.27 mg, 0.51 mmol,
3 mol%), N,N-diisopropylethylamine (1.43 mL, 8.19 mmol, 0.50 equiv.) and salicylaldehyde
(1.75 mL, 16.38 mmol, 1.00 equiv.). The solution was left to stir at room temperature for 4 hours
before it was diluted with Et2O and washed with 1.0 M HCl. The aqueous layer was extracted
with Et2O (2 ×) and the combined organic phases were washed with brine. The organic phase was
dried over MgSO4, filtered and the filtrate was evaporated under reduced pressure to give
carbonate 431 as a yellow oil (3.55 g, 98% yield).
H NMR (400 MHz, CDCl3): δ 10.19 (s, 1H, CHO), 7.89 (dd, J = 7.6, 1.8 Hz, 1H, ArH), 7.63
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(ddd, J = 8.1, 7.4, 1.8 Hz, 1H, ArH), 7.39 (td, J = 7.7, 1.3 Hz, 1H, ArH), 7.28−7.26 (m, 1H, ArH),
1.58 (s, 9H, 3 × CH3 of t-Bu) ppm. 13C NMR (126 MHz, CDCl3): δ 188.8 (CHO), 152.2 (ArC),
151.5 (CO), 135.5 (ArCH), 130.8 (ArCH), 128.4 (ArC), 126.5 (ArCH), 123.3 (ArCH), 84.7
(QC of t-Bu), 27.8 (CH3 of t-Bu) ppm. NMR data matches literature values.127-128
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General Procedure D: Grignard Reaction and Ring Closure of Aldehydes 153a–i 33, 35d, 129

Grignard Formation:

An oven-dried Schlenk flask was charged with magnesium turnings (1.0 equiv.), a crystal of
iodine and a solution of vinyl bromide (1.0 M in THF, 0.1 equiv.). The reaction mixture was left
to stir at room temperature for 10−20 minutes until the solution changed from brown to colourless.
The remaining vinyl bromide solution (1.0 M in THF, 1.0 equiv.) was then added dropwise, and
the reaction mixture was left to stir for an additional hour to generate vinylmagnesium bromide
in situ (the formation of vinylmagnesium bromide was evidenced by the evolution of bubbles
from the reaction mixture and the formation of a brown, cloudy solution).
Grignard Reaction (performed on all substrates):

To a solution of the corresponding aldehyde 153a–g (1.0 equiv.) in anhydrous THF (0.2 M)
cooled to −78 °C was added vinylmagnesium bromide (2.5–3.0 equiv.) dropwise. The reaction
mixture was left to warm to room temperature and stirred for 2−24 h. After this time, the reaction
mixture was quenched with saturated aqueous NaHCO3, and the aqueous layer was extracted with
Et2O (3 ×). The combined organic phases were washed with brine, dried over Na2SO4 and filtered.
The filtrate was evaporated under reduced pressure to give the crude product as a mixture of
carbamate (154a–g) and vinyl benzoxazinanone (147a–g). The crude mixture (for substrates
153b, 153f and 153g) was then purified by FCC to give the corresponding vinyl benzoxazinanone
(147b, 147f, 147g).
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Ring Closure (performed on substrates 153a, 153c–e):

To a solution of the crude carbamate (154a, 154c–e) and vinyl benzoxazinanone (147a, 147c–e)
in MeOH (0.2 M) at room temperature was added 10 wt% K2CO3 solution (10.00 mL). The
reaction mixture was left to stir at room temperature for 1–62 h, before it was quenched with
saturated aqueous NH4Cl and the methanol was evaporated under reduced pressure. The residue
was then extracted with EtOAc (3 ×) and the combined organic phases dried over Na2SO4 and
filtered. The filtrate was evaporated under reduced pressure to give the crude product, which was
purified by FCC to give the corresponding vinyl benzoxazinanone (147a and 147c−e).
4-Vinyl-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (147a)

Prepared via General Procedure D using aldehyde 153a (0.99 g, 5.55 mmol) and
vinylmagnesium bromide (13.88 mmol, 2.50 equiv.) in THF (28.00 mL) with a 20 h reaction time,
followed by 10 wt% K2CO3 solution (10.00 mL) in methanol (28.00 mL) with a 1 h reaction time.
Purification by FCC (20% EtOAc/n-hexanes) gave 147a as a pale yellow solid (0.59 g, 60%
yield). 1H NMR (400 MHz, CDCl3): δ 8.67 (br s, 1H, NH), 7.30–7.25 (m, 1H, ArH), 7.11–7.05
(m, 2H, 2 × ArH), 6.87 (d, J = 8.5 Hz, 1H, ArH), 6.08 (ddd, J = 16.9, 10.3, 6.4 Hz, 1H, –CH=CH2),
5.82 (d, J = 6.4 Hz, 1H, CH–CH=CH2), 5.41 (d, J = 10.3 Hz, 1H, –CH=CH2), 5.36 (d, J = 17.0
Hz, 1H, –CH=CH2) ppm. 13C NMR (101 MHz, CDCl3): δ 152.9 (CO), 135.1 (ArC), 134.0 (–
CH=CH2), 129.5 (ArCH), 125.1 (ArCH), 123.5 (ArCH), 119.9 (ArC), 119.8 (–CH=CH2), 114.5
(ArCH), 80.3 (CH–CH=CH2) ppm. NMR data matches literature values.33, 35d
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5-Fluoro-4-vinyl-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (147b)

Prepared via General Procedure D using aldehyde 153b (0.30 g, 1.51 mmol) and
vinylmagnesium bromide (3.80 mmol, 2.52 equiv.) in THF (7.60 mL) with a 3 h reaction time.
Purification by FCC (20–40% EtOAc/n-hexanes) gave 147b as a white solid (0.10 g, 34% yield).
H NMR (500 MHz, CDCl3): δ 8.51 (br s, 1H, NH), 7.27–7.23 (m, 1H, ArH), 6.79 (ddd, J = 9.2,
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8.4, 0.9 Hz, 1H, ArH), 6.66 (d, J = 8.1 Hz, 1H, ArH), 6.10–6.02 (m, 2H, CH–CH=CH2 and –
CH=CH2), 5.32 (d, J = 10.0 Hz, 1H, –CH=CH2), 5.28 (dt, J = 16.2, 0.8 Hz, 1H, –CH=CH2) ppm.
C NMR (126 MHz, CDCl3): δ 158.5 (d, 1JCF = 247.2 Hz, ArC–F), 152.6 (CO), 136.4 (d, 3JCF =
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6.4 Hz, ArC), 133.3 (–CH=CH2), 130.8 (d, 3JCF = 9.2 Hz, ArCH), 118.3 (–CH=CH2), 110.5 (d,
4

JCF = 3.0 Hz, ArCH), 110.3 (d, 2JCF = 20.3 Hz, ArCH), 107.5 (d, 2JCF = 20.3 Hz, ArC), 75.4

(CH–CH=CH2) ppm. 19F NMR (470 MHz, CDCl3): δ –(120.65–120.72) (m) ppm. NMR data
matches literature values.33, 130
6-Methoxy-4-vinyl-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (147c)

Prepared via General Procedure D using aldehyde 153c (0.40 g, 1.91 mmol) and vinylmagnesium
bromide (5.73 mmol, 3.00 equiv.) in THF (9.56 mL) with a 5 h reaction time, followed by 10 wt%
K2CO3 solution (10.00 mL) in MeOH (10.00 mL) with a 45 h reaction time. Purification by FCC
(20–40% EtOAc/n-hexanes) gave 147c as a yellow solid (0.16 g, 40% yield). 1H NMR
(500 MHz, CDCl3): δ 8.76 (br s, 1H, NH), 6.82–6.81 (m, 2H, 2 × ArH), 6.64 (d, J = 2.0 Hz, 1H,
ArH), 6.06 (ddd, J = 17.0, 10.3, 6.5 Hz, 1H, –CH=CH2), 5.77 (dd, J = 6.4, 1.1 Hz, 3H,
CH–CH=CH2), 5.42 (dd, J = 10.4, 1.1 Hz, 1H, –CH=CH2), 5.38 (dt, J = 17.0, 1.2 Hz, 1H,
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–CH=CH2), 3.78 (s, 3H, OCH3) ppm. 13C NMR (126 MHz, CDCl3): δ 156.0 (ArC–OCH3), 153.0
(CO), 133.8 (–CH=CH2), 128.5 (ArC), 121.0 (ArC), 119.9 (–CH=CH2), 115.5 (ArCH), 114.6
(ArCH), 110.9 (ArCH), 80.3 (CH–CH=CH2), 55.8 (OCH3) ppm. NMR data matches literature
values.33
6-Bromo-4-vinyl-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (147d)

Prepared via General Procedure D using aldehyde 153d (0.32 g, 1.25 mmol) and
vinylmagnesium bromide (4.65 mmol, 3.72 equiv.) in THF (7.75 mL) with a 2 h reaction time,
followed by 10 wt% K2CO3 solution (10.00 mL) in MeOH (6.25 mL) with a 19 h reaction time.
Purification by FCC (20% EtOAc/n-hexanes) gave 147d as a yellow solid (0.15 g, 46% yield).
H NMR (400 MHz, CDCl3): δ 7.39 (d, J = 8.4 Hz, 1H, ArH), 7.23 (s, 1H, ArH), 6.76 (app. t,
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J = 9.3 Hz, 1H, ArH), 6.04 (ddd, J = 17.0, 10.4, 6.6 Hz, 1H, –CH=CH2), 5.77 (d, J = 6.6 Hz, 1H,
CH–CH=CH2), 5.47 (dt, J = 10.3, 0.9 Hz, 1H, –CH=CH2), 5.40 (dt, J = 17.1, 1.0 Hz, 1H,
–CH=CH2) ppm. 13C NMR (126 MHz, CDCl3): δ 152.6 (CO), 134.2 (ArC), 133.2 (–CH=CH2),
132.5 (ArCH), 128.1 (ArCH), 121.9 (ArC), 120.7 (–CH=CH2), 116.2 (ArCH), 115.9 (ArC–Br),
79.8 (CH–CH=CH2) ppm. NMR data matches literature values.33
7-Chloro-4-vinyl-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (147e)

Prepared via General Procedure D using aldehyde 153e (0.40 g, 1.87 mmol) and vinylmagnesium
bromide (4.68 mmol, 2.50 equiv.) in THF (9.35 mL) with a 24 h reaction time, followed by
10 wt% K2CO3 solution (10.00 mL) in MeOH (7.60 mL) with a 62 h reaction time. Purification
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by FCC (20% EtOAc/n-hexanes) gave 147e as a yellow solid (0.13 g, 32% yield). 1H NMR
(400 MHz, CDCl3): δ 8.86 (br s, 1H, NH), 7.06–7.00 (m, 2H, 2 × ArH), 6.91 (d, J = 1.8 Hz, 1H,
ArH), 6.05 (ddd, J = 16.9, 10.3, 6.4 Hz, 1H, –CH=CH2), 5.79 (dd, J = 6.4, 1.2 Hz, 1H,
CH–CH=CH2), 5.44 (dt, J = 10.3, 1.0 Hz, 1H, –CH=CH2), 5.37 (dt, J = 17.0, 1.1 Hz, 1H,
–CH=CH2) ppm. 13C NMR (126 MHz, CDCl3): δ 152.9 (CO), 136.2 (ArC), 135.4 (ArC–Cl),
133.5 (–CH=CH2), 126.3 (ArCH), 123.6 (ArCH), 120.4 (–CH=CH2), 118.3 (ArC), 114.9 (ArCH),
80.0 (CH–CH=CH2) ppm. NMR data matches literature values.33
8-Methyl-4-vinyl-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (147f)

Prepared via General Procedure D using aldehyde 153f (0.30 g, 1.56 mmol) and vinylmagnesium
bromide (3.88 mmol, 2.50 equiv.) in THF (7.75 mL) with a 3 h reaction time. Purification by FCC
(20% EtOAc/n-hexanes) gave 147f as a pale yellow solid (0.11 g, 36% yield). 1H NMR
(500 MHz, CDCl3): δ 7.82 (br s, 1H, NH), 7.13 (d, J = 7.1 Hz, 1H, ArH), 7.00–6.94
(m, 2H, 2 × ArH), 6.06 (ddd, J = 16.8, 10.3, 6.3 Hz, 1H, −CH=CH2), 5.78 (d, J = 6.4 Hz, 1H,
CH−CH=CH2), 5.39 (dt, J = 10.3, 1.1 Hz, 1H, −CH=CH2), 5.35 (dt, J = 17.1, 1.1 Hz, 1H,
−CH=CH2), 2.29 (s, 3H, CH3) ppm.
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C NMR (126 MHz, CDCl3): δ 152.4 (CO), 134.1

(−CH=CH2), 133.4 (ArC), 130.9 (ArCH), 123.1 (ArCH), 122.9 (ArCH), 122.5 (ArC), 119.8
(ArC), 119.5 (−CH=CH2), 80.2 (CH−CH=CH2), 16.5 (CH3) ppm. NMR data matches literature
values.33
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7,8-Dimethyl-4-vinyl-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (147g)

Prepared via General Procedure D using aldehyde 153g (0.40 g, 1.94 mmol) and
vinylmagnesium bromide (5.79 mmol, 2.98 equiv.) in THF (9.70 mL) with a 5 h reaction time.
Purification by FCC (20–30% EtOAc/n-hexanes), followed by trituration with MeOH gave 147g
as a white solid (0.19 g, 49% yield). 1H NMR (500 MHz, CDCl3): δ 8.11 (br s, 1H, NH), 6.89 (d,
J = 7.7 Hz, 1H, ArH), 6.84 (d, J = 7.7 Hz, 1H, ArH), 6.05 (ddd, J = 16.9, 10.4, 6.3 Hz, 1H,
–CH=CH2), 5.74 (d, J = 6.3 Hz, 1H, CH–CH=CH2), 5.37 (d, J = 10.3 Hz, 1H, –CH=CH2), 5.34
(dd, J = 17.1, 1.2 Hz, 1H, –CH=CH2), 2.30 (s, 3H, C7–CH3), 2.19 (s, 3H, C8–CH3) ppm. 13C
NMR (101 MHz, CDCl3): δ 152.6 (CO), 138.0 (ArC), 134.3 (–CH=CH2), 133.3 (ArC), 124.7
(ArCH), 122.2 (ArCH), 120.9 (ArC), 119.3 (–CH=CH2), 117.7 (ArC), 80.2 (CH–CH=CH2), 20.5
(C7–CH3), 12.3 (C8–CH3) ppm. NMR data matches literature values.33

Synthesis of 1-Tosyl-4-vinyl-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (147h)

To a solution of vinyl benzoxazinanone 147a (0.30 g, 1.73 mmol, 1.00 equiv.) in anhydrous DMF
(10.00 mL) cooled to 0 °C was added NaH (60% in mineral oil, 0.14 g, 3.45 mmol, 1.99 equiv.).
The solution was left to stir at room temperature for 1 hour, after which p-toluenesulfonyl chloride
(0.49 g, 2.57 mmol, 1.49 equiv.) was added, and the solution was left to stir for an additional hour.
The reaction mixture was quenched with ice and the aqueous phase was extracted with EtOAc
(3 ×). The combined organic phases were washed with brine, dried over Na2SO4 and filtered. The
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filtrate was evaporated under reduced pressure to give the crude product, which was purified by
FCC (20% EtOAc/n-hexanes) to give N-tosylated vinyl benzoxazinanone 147h as a yellow solid
(0.24 g, 42% yield).
H NMR (400 MHz, CDCl3): δ 8.10 (d, J = 8.5 Hz, 2H, 2 × ArH Ts), 7.63 (dd, J = 8.3, 1.1 Hz,

1

1H, ArH), 7.43−7.40 (m, 1H, ArH), 7.39 (d, J = 8.0 Hz, 2H, 2 × ArH Ts), 7.28–7.24 (m, 1H,
ArH), 7.19 (dd, J = 7.6, 1.6 Hz, 1H, ArH), 6.05 (ddd, J = 17.1, 10.4, 6.0 Hz, 1H, −CH=CH2), 5.65
(d, J = 6.0 Hz, 1H, CH−CH=CH2), 5.47 (dt, J = 10.4, 1.0 Hz, 1H, −CH=CH2), 5.37 (ddd,
J = 17.1, 1.5, 0.7 Hz, 1H, −CH=CH2), 2.47 (s, 3H, CH3 Ts) ppm. 13C NMR (101 MHz, CDCl3):
δ 149.4 (CO), 145.7 (ArC Ts), 135.9 (ArC Ts), 134.3 (ArC), 132.2 (−CH=CH2), 129.8 (ArCH Ts),
129.4 (ArCH), 129.2 (ArCH Ts), 126.7 (ArC), 126.1 (ArCH), 125.2 (ArCH), 121.4 (−CH=CH2),
120.9 (ArCH), 79.7 (CH−CH=CH2), 21.9 (CH3 Ts) ppm. NMR data matches literature values.131

Synthesis of 1-(4-Methoxybenzyl)-4-vinyl-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (147i)

To a solution of vinyl benzoxazinanone 147a (0.10 g, 0.57 mmol, 1.00 equiv.) in anhydrous DMF
(5.00 mL) cooled to 0 °C was added NaH (60% in mineral oil, 34.7 mg, 1.45 mmol, 2.53 equiv.).
The solution was left to stir at 0 °C for 30 minutes, after which 4-methoxybenzyl chloride
(0.09 mL, 0.68 mmol, 1.20 equiv.) was added, and the solution was left to stir at room temperature
for an additional 17 hours. The reaction mixture was quenched with saturated aqueous NH4Cl and
the aqueous phase was extracted with EtOAc (3 ×). The combined organic phases were washed
with brine, dried over Na2SO4 and filtered. The filtrate was evaporated under reduced pressure to
give the crude product, which was purified by FCC (20% EtOAc/n-hexanes) to give N-protected
vinyl benzoxazinanone 147i as an orange oil (60.6 mg, 36% yield).
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H NMR (400 MHz, CDCl3): δ 7.21 (dd, J = 7.8, 5.7 Hz, 3H, ArH and 2 × ArH PMB), 7.10

1

(dd, J = 7.7, 1.7 Hz, 1H, ArH), 7.04 (td, J = 7.4, 1.0 Hz, 1H, ArH), 6.87 (d, J = 8.2 Hz, 1H, ArH),
6.84 (d, J = 8.7 Hz, 2H, 2 × ArH PMB), 6.09 (ddd, J = 17.2, 10.4, 5.9 Hz, 1H, −CH=CH2), 5.75
(d, J = 5.9 Hz, 1H, CH−CH=CH2), 5.41 (dt, J = 10.4, 1.1 Hz, 1H, −CH=CH2), 5.32 (dt,
J = 17.1, 1.2 Hz, 1H, −CH=CH2), 5.15 (d, J = 16.2 Hz, 1H, CH2), 5.04 (d, J = 16.2 Hz, 1H, CH2),
3.77 (s, 3H, OCH3) ppm. 13C NMR (101 MHz, CDCl3): δ 159.0 (ArC−OCH3 of PMB), 152.8
(CO), 136.8 (ArC), 134.3 (−CH=CH2), 129.3 (ArCH), 128.3 (ArC of PMB), 128.1 (ArCH of
PMB), 125.2 (ArCH), 123.2 (ArCH), 122.6 (ArC), 119.7 (−CH=CH2), 114.5 (ArCH), 114.3
(ArCH of PMB), 78.7 (CH−CH=CH2), 55.4 (OCH3), 47.5 (CH2) ppm. NMR data matches
literature values.132

General Procedure E: Zinc-Catalysed Allenylation and Base-Catalysed Ring Closure 54, 56, 62

Zinc-Catalysed Allenylation:

To a solution of the corresponding aldehyde 153a–j (1.0 equiv.) in anhydrous toluene (0.35 M)
cooled to 0 °C was added allenylboronic acid pinacol ester (1.1–1.2 equiv.), followed by
diethylzinc (15 wt% in toluene, 10 mol%) dropwise. The reaction mixture was left to stir at 0 °C
for 1 hour before it was transferred to a refrigerator and left at approximately 0 °C for 16−72 h.
After this time, the reaction mixture was warmed to room temperature, diethanolamine
(2.0 equiv.) was added,***** and the solution was left to stir at room temperature for an additional
hour. The organic phase was then washed with brine and the aqueous phase extracted with EtOAc

*****

Diethanolamine was added as a boron scavenger to prevent isomerisation of the allenyl alcohol x to the
propargyl regioisomer x.
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(3 ×). The combined organic phases were dried over MgSO4, filtered, and the filtrate was
evaporated under reduced pressure to give the crude product. The crude product, containing a
mixture of allenyl carbamate (347a–j) and propargyl carbamate (358a–j′) was then used directly
in the base-catalysed ring closure step without purification.

Base-Catalysed Ring Closure:

To a solution of the crude allenyl carbamate (347a–j) and propargyl carbamate (358a–j′) in
anhydrous THF (0.3 M) cooled to 0 °C was added potassium tert-butoxide (0.2– 0.3 equiv.). The
solution was left to stir at 0 °C for 1–23 h, before it was quenched with saturated aqueous NH4Cl.
The aqueous phase was extracted with EtOAc (3 ×), and the combined organic layers were dried
over Na2SO4 and filtered. The filtrate was evaporated under reduced pressure to give the crude
product, which was purified by FCC to give allenyl benzoxazinanone 348a–j.
4-(Propa-1,2-dien-1-yl)-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (348a)

Prepared via General Procedure E using aldehyde 153a (0.49 g, 2.72 mmol), Et2Zn (0.25 mL,
10 mol%) and allenylboronic acid pinacol ester (0.40 mL, 3.18 mmol) in toluene (8.00 mL) with
a 20 h reaction time, followed by KOtBu (61.06 mg, 0.54 mmol) in THF (9.06 mL) with a 19 h
reaction time. Purification by FCC (20–40% EtOAc/n-hexanes) gave 348a as a yellow solid
(0.24 g, 48% yield). Mp 90−92 °C. 1H NMR (400 MHz, CDCl3): δ 8.78 (br s, 1H, NH),
7.29−7.25 (m, 1H, ArH), 7.14 (d, J = 7.5 Hz, 1H, ArH), 7.06 (app. t, J = 7.5 Hz, 1H, ArH), 6.87
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(d, J = 7.9 Hz, 1H, ArH), 5.89 (d, J = 7.2 Hz, 1H, CH), 5.48 (q, J = 6.8 Hz, 1H, CH=C=CH2),
4.92 (ddt, J = 7.6, 5.5, 2.7 Hz, 2H, CH=C=CH2) ppm. 13C NMR (101 MHz, CDCl3): δ 209.5
(CH=C=CH2), 152.8 (CO), 135.0 (ArC), 129.6 (ArCH), 125.1 (ArCH), 123.4 (ArCH), 120.3
(ArC), 114.5 (ArCH), 90.0 (CH=C=CH2), 78.6 (CH=C=CH2), 78.1 (CH) ppm. FTIR v̅ max (cm-1):
3238, 3214, 3156, 3104, 2989, 2933, 1954, 1697, 1599, 1496, 1385, 1261, 1243, 1043, 1025, 855,
750, 711, 638, 494, 464. HRMS-ESI (m/z): [M + Na]+ calcd for C11H9NO2Na, 210.0531; found,
210.0529.
5-Fluoro-4-(propa-1,2-dien-1-yl)-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (348b)

Prepared via General Procedure E using aldehyde 153b (0.19 g, 0.99 mmol), Et2Zn (0.10 mL,
11 mol%) and allenylboronic acid pinacol ester (0.14 mL, 1.11 mmol) in toluene (2.90 mL) with
a 68 h reaction time, followed by KOtBu (22.57 mg, 0.20 mmol) in THF (3.30 mL) with a 23 h
reaction time. Purification by FCC (30–40% EtOAc/n-hexanes) gave 348b as a white, crystalline
solid (86.10 mg, 43% yield). Mp 116−118 °C. 1H NMR (400 MHz, CDCl3): δ 9.44 (br s, 1H,
NH), 7.23 (td, J = 8.2, 5.8 Hz, 1H, ArH), 6.76 (td, J = 8.8, 8.4, 0.9 Hz, 1H, ArH), 6.70 (d,
J = 8.0 Hz, 1H, ArH), 6.14 (dt, J = 5.5, 2.6 Hz, 1H, CH), 5.49 (q, J = 6.4 Hz, 1H, CH=C=CH2),
4.92–4.83 (m, 2H, CH=C=CH2) ppm. 13C NMR (101 MHz, CDCl3): δ 208.5 (CH=C=CH2), 159.3
(d, 1JCF = 247.3 Hz, ArC–F), 152.6 (CO), 136.4 (d,

3

JCF = 6.6 Hz, ArC), 130.7

(d, 3JCF = 9.2 Hz, ArCH), 110.4 (d, 4JCF = 3.4 Hz, ArCH), 110.2 (d, 2JCF = 20.5 Hz, ArCH), 108.0
(d, 2JCF = 20.5 Hz, ArC), 90.0 (CH=C=CH2), 79.4 (CH=C=CH2), 73.1 (d, 3JCF = 1.4 Hz, CH) ppm.
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F NMR (470 MHz, CDCl3): δ −119.55 (ddd, J = 8.2, 5.8, 1.7 Hz) ppm. FTIR v̅ max (cm-1): 3171,

3113, 2951, 1717, 1606, 1383, 1291, 1268, 1231, 1028, 860, 772, 746, 710, 650, 596, 493, 454,
368. HRMS-ESI (m/z): [M + H]+ calcd for C11H9FNO2, 206.0617; found, 206.0627.
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6-Methoxy-4-(propa-1,2-dien-1-yl)-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (348c)

Prepared via General Procedure E using aldehyde 153c (0.20 g, 0.95 mmol), Et2Zn (0.08 mL,
9 mol%) and allenylboronic acid pinacol ester (0.14 mL, 1.11 mmol) in toluene (2.80 mL) with
an 89 h reaction time, followed by KOtBu (20.70 mg, 0.18 mmol) in THF (3.16 mL) with a 3 h
reaction time. Purification by FCC (20–40% EtOAc/n-hexanes) gave 348c as a white solid
(88.12 mg, 43% yield). Mp 101−103 °C. 1H NMR (400 MHz, CDCl3): δ 7.84 (br s, 1H, NH),
6.82 (dd, J = 8.6, 2.7 Hz, 1H, ArH), 6.75 (d, J = 8.6 Hz, 1H, ArH), 6.70 (d, J = 2.6 Hz, 1H, ArH),
5.83 (dt, J = 7.4, 2.0 Hz, 1H, CH), 5.47 (dt, J = 7.3, 6.6 Hz, 1H, CH=C=CH2), 4.99–4.89
(m, 2H, CH=C=CH2), 3.79 (s, 3H, OCH3) ppm.

C NMR (101 MHz, CDCl3): δ 209.6

13

(CH=C=CH2), 156.0 (ArC–OCH3), 152.2 (CO), 128.4 (ArC), 121.7 (ArC), 115.2 (ArCH), 114.7
(ArCH), 111.0 (ArCH), 89.8 (CH=C=CH2), 78.6 (CH=C=CH2), 78.0 (CH), 55.9 (OCH3) ppm.
FTIR v̅ max (cm-1): 3202, 3123, 3092, 2920, 2837, 1698, 1505, 1425, 1384, 1266, 1252, 1224,
1160, 1038, 1021, 854, 792, 758, 716, 704, 616, 491. HRMS-ESI (m/z): [M + Na]+ calcd for
C12H11NO3Na, 240.0637; found, 240.0635.
6-Bromo-4-(propa-1,2-dien-1-yl)-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one 348d)

Prepared via General Procedure E using aldehyde 153d (0.20 g, 0.77 mmol), Et2Zn (0.08 mL,
11 mol%) and allenylboronic acid pinacol ester (0.12 mL, 0.86 mmol) in toluene (2.22 mL) with
a 90 h reaction time, followed by KOtBu (17.66 mg, 0.16 mmol) in THF (2.56 mL) with a 19 h
reaction time. Purification by FCC (20–40% EtOAc/n-hexanes) gave 348d as a white solid
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(78.30 mg, 39% yield). Mp 143−145 °C. 1H NMR (400 MHz, CDCl3): δ 8.83 (br s, 1H, NH),
7.39 (ddd, J = 8.4, 2.1, 0.6 Hz, 1H, ArH), 7.27 (d, J = 2.0 Hz, 1H, ArH), 6.76 (d, J = 8.4 Hz, 1H,
ArH), 5.84 (dt, J = 7.3, 1.9 Hz, 1H, CH), 5.46 (dt, J = 7.3, 6.5 Hz, 1H, CH=C=CH2), 5.02–4.92
(m, 2H, CH=C=CH2) ppm. 13C NMR (101 MHz, CDCl3): δ 209.7 (CH=C=CH2), 152.1 (CO),
134.1 (ArC), 132.5 (ArCH), 128.1 (ArCH), 122.3 (ArC), 116.0 (ArCH), 115.9 (ArC–Br), 89.5
(CH=C=CH2), 79.0 (CH=C=CH2), 77.4 (CH) ppm. FTIR v̅ max (cm-1): 3211, 3142, 3064, 2982,
2943, 1684, 1491, 1360, 1274, 1254, 1043, 1016, 873, 853, 811, 752, 547, 505, 489, 469.
HRMS-ESI (m/z): [M + H]+ calcd for C11H9BrNO2, 265.9817; found, 265.9809.
7-Chloro-4-(propa-1,2-dien-1-yl)-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (348e)

Prepared via General Procedure E using aldehyde 153e (0.20 g, 0.92 mmol), Et2Zn (0.08 mL,
10 mol%) and allenylboronic acid pinacol ester (0.14 mL, 1.11 mmol) in toluene (2.68 mL) with
a 68 h reaction time, followed by KOtBu (33.39 mg, 0.30 mmol) in THF (3.08 mL) with a 23 h
reaction time. Purification by FCC (30% EtOAc/n-hexanes) gave 348e as a white, crystalline
solid (88.80 mg, 43% yield). Mp 147−150 °C. 1H NMR (400 MHz, CDCl3): δ 8.83 (br s, 1H,
NH), 7.08–7.02 (m, 2H, 2 × ArH), 6.90 (d, J = 1.6 Hz, 1H, ArH), 5.88–5.85 (m, 1H, CH), 5.47
(dt, J = 7.1, 6.5 Hz, 1H, CH=C=CH2), 4.99–4.89 (m, 2H, CH=C=CH2) ppm.
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C NMR

(101 MHz, CDCl3): δ 209.5 (CH=C=CH2), 152.9 (CO), 136.1 (ArC), 135.3 (ArC–Cl), 126.3
(ArCH), 123.5 (ArCH), 118.6 (ArC), 114.9 (ArCH), 89.8 (CH=C=CH2), 78.9 (CH=C=CH2), 77.8
(CH) ppm. FTIR v̅ max (cm-1): 3235, 3191, 2921, 1727, 1675, 1599, 1494, 1363, 1271, 1013, 869,
857, 820, 806, 763, 716, 643, 614, 488, 453, 375. HRMS-ESI (m/z): [M + Na]+ calcd for
C11H8ClNO2Na, 244.0141; found, 244.0135.

184

7,8-Dimethyl-4-(propa-1,2-dien-1-yl)-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (348f)

Prepared via General Procedure E using aldehyde 153f (0.20 g, 0.95 mmol), Et2Zn (0.08 mL,
12 mol%) and allenylboronic acid pinacol ester (0.14 mL, 1.11 mmol) in toluene (2.74 mL) with
a 23 h reaction time, followed by KOtBu (21.73 mg, 0.19 mmol) in THF (3.16 mL) with a 1 h
reaction time. Purification by FCC (30% EtOAc/n-hexanes), followed by recrystallisation from
EtOAc/n-hexanes gave 348f as a white, crystalline solid (79.20 mg, 39% yield). Mp 141−144 °C.
H NMR (400 MHz, CDCl3): δ 7.59 (br s, 1H, NH), 6.89 (s, 2H, 2 × ArH), 5.81 (d, J = 7.4 Hz,

1

1H, CH), 5.45 (dt, J = 7.3, 6.5 Hz, 1H, CH=C=CH2), 4.97–4.87 (m, 2H, CH=C=CH2), 2.30
(s, 3H, C7–CH3), 2.16 (s, 3H, C8–CH3) ppm.

C NMR (101 MHz, CDCl3): δ 209.4
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(CH=C=CH2), 152.3 (CO), 138.0 (ArC), 133.2 (ArC), 124.7 (ArCH), 122.1 (ArCH), 120.7 (ArC),
118.2 (ArC), 90.1 (CH=C=CH2), 78.5 (CH=C=CH2), 77.9 (CH), 20.5 (C7–CH3), 12.2 (C8–CH3)
ppm. FTIR v̅ max (cm-1): 3267, 3249, 3181, 2920, 1695, 1592, 1375, 1262, 1099, 1048, 1020, 858,
796, 763, 687, 636, 583, 533, 492, 473, 406. HRMS-ESI (m/z): [M + Na]+ calcd for
C13H13NO2Na, 238.0844; found, 238.0852.
8-Methyl-4-(propa-1,2-dien-1-yl)-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (348g)

Prepared via General Procedure E using aldehyde 153g (0.20 g, 1.03 mmol), Et2Zn (0.10 mL,
11 mol%) and allenylboronic acid pinacol ester (0.14 mL, 1.11 mmol) in toluene (3.00 mL) with
a 23 h reaction time, followed by KOtBu (25.32 mg, 0.23 mmol) in THF (3.45 mL) with a 1 h
reaction time. Purification by FCC (20% EtOAc/n-hexanes), followed by recrystallisation from
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EtOAc/n-hexanes gave 348g as a white, crystalline solid (62.35 mg, 30% yield). Mp 142−144
°C. 1H NMR (400 MHz, CDCl3): δ 7.66 (br s, 1H, NH), 7.14–7.11 (m, 1H, ArH), 7.02–6.96
(m, 2H, 2 × ArH), 5.85 (dt, J = 7.2, 1.9 Hz, 1H, CH), 5.47 (dt, J = 7.2, 6.5 Hz, 1H, CH=C=CH2),
4.97–4.88 (m, 1H, CH=C=CH2), 2.28 (s, 3H, CH3) ppm. 13C NMR (101 MHz, CDCl3): δ 209.5
(CH=C=CH2), 152.1 (CO), 133.3 (ArC), 130.9 (ArCH), 123.0 (ArCH), 122.9 (ArCH), 122.3
(ArC), 120.3 (ArC), 90.1 (CH=C=CH2), 78.6 (CH=C=CH2), 78.0 (CH), 16.4 (CH3) ppm.
FTIR v̅ max (cm-1): 3242, 1953, 1703, 1600, 1474, 1345, 1248, 1025, 860, 782, 750, 733, 707, 413.
HRMS-ESI (m/z): [M + Na]+ calcd for C12H11NO2Na, 224.0687; found, 224.0674.
6-Nitro-4-(propa-1,2-dien-1-yl)-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (348h)

Prepared via General Procedure E using aldehyde 153h (0.14 g, 0.64 mmol), Et2Zn (0.06 mL,
10 mol%) and allenylboronic acid pinacol ester (0.09 mL, 1.12 mmol) in toluene (1.95 mL) with
a 68 h reaction time, followed by KOtBu (14.32 mg, 0.13 mmol) in THF (2.13 mL) with a 2 h
reaction time. Purification by FCC (20–40% EtOAc/n-hexanes) gave 348f as a yellow residue
(29.36 mg, 20% yield). 1H NMR (400 MHz, acetone-d6): δ 9.78 (br s, 1H, NH), 8.23 (dd, J = 8.9,
2.5 Hz, 1H, ArH), 8.17 (d, J = 2.5 Hz, 1H, ArH), 7.22 (d, J = 8.7 Hz, 1H, ArH), 6.14 (d, J = 6.4
Hz, 1H, CH), 5.65 (q, J = 6.6 Hz, 1H, CH=C=CH2), 5.00 (dd, J = 6.6, 2.2 Hz, 2H, CH=C=CH2)
ppm. 13C NMR (101 MHz, acetone-d6): δ 209.9 (CH=C=CH2), 150.3 (CO), 143.7 (ArC), 142.9
(ArC), 126.2 (ArCH), 122.3 (ArC), 122.1 (ArCH), 115.5 (ArCH), 90.5 (CH=C=CH2), 79.1
(CH=C=CH2), 77.0 (CH) ppm. FTIR v̅ max (cm-1): 3094, 3061, 2983, 2959, 1711, 1627, 1599,
1537, 1484, 1369, 1335, 1289, 1270, 1085, 1027, 839, 747, 558, 488, 471. HRMS-ESI (m/z):
[M − H]− calcd for C11H7N2O4, 231.0406; found, 231.0417.
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1-Benzyl-4-(propa-1,2-dien-1-yl)-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (432)

Prepared via General Procedure E using aldehyde 430 (0.10 g, 0.37 mmol), Et2Zn (0.04 mL,
10 mol%) and allenylboronic acid pinacol ester (0.05 mL, 0.41 mmol) in toluene (1.06 mL) with
a 19 h reaction time, followed by KOtBu (9.30 mg, 0.08 mmol) in THF (1.10 mL) with a 2 h
reaction time. Purification by FCC (10−20% EtOAc/n-hexanes) gave 432 as a brown oil
(11.40 mg, 11% yield). 1H NMR (400 MHz, CDCl3): δ 7.34–7.23 (m, 5H, 5 × ArH), 7.20
(td, J = 7.8, 1.6 Hz, 1H, ArH), 7.15 (dd, J = 7.5, 1.6 Hz, 1H, ArH), 7.04 (td, J = 7.5, 1.0 Hz,
1H, ArH), 6.85 (dd, J = 8.3, 1.0 Hz, 1H, ArH), 5.84 (dt, J = 6.7, 2.2 Hz, 1H, CH), 5.51
(q, J = 6.6 Hz, 1H, CH=C=CH2), 5.25 (d, J = 16.4 Hz, 1H, CH2), 5.10 (d, J = 16.5 Hz, 1H, CH2),
4.89–4.76 (m, 2H, CH=C=CH2) ppm. 13C NMR (101 MHz, CDCl3): δ 209.3 (CH=C=CH2), 152.6
(CO), 136.7 (ArC), 136.3 (ArC), 129.3 (ArCH), 128.9 (ArCH), 127.5 (ArCH), 126.7 (ArCH),
125.1 (ArCH), 123.2 (ArCH), 123.0 (ArC), 114.4 (ArCH), 90.2 (CH=C=CH2), 78.7
(CH=C=CH2), 76.4 (CH), 47.9 (CH2) ppm. FTIR v̅ max (cm-1): 2989, 2961, 2923, 2853, 1697,
1381, 1259, 1192, 1030, 1002, 855, 751, 732, 706, 659, 444. HRMS-ESI (m/z): [M + H]+ calcd
for C18H16NO2, 278.1181; found, 278.1180.
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Synthesis of 4-(Buta-2,3-dien-2-yl)-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (438j)133

Zinc-Catalysed Allenylation:

To a solution of aldehyde 153a (0.40 g, 2.23 mmol, 1.00 equiv.) in MeOH (1.01 mL) at room
temperature was added 1-bromo-2-butyne (0.33 mL, 3.77 mmol, 1.69 equiv.) and saturated
aqueous NH4Cl (3.19 mL). The solution was then cooled to 0 °C, and indium powder
(0.37 g, 3.21 mmol, 1.44 equiv.) was added in four-portions over 20 minutes. The suspension was
left to stir at 0 °C for 115 hours, before the organic phase was washed with brine and the aqueous
phase extracted with EtOAc (3 ×). The combined organic phases were dried over MgSO4, filtered,
and the solvent was evaporated under reduced pressure to give the crude allene 433 which was
used directly in the base-catalysed ring closure without purification.
Base-Catalysed Ring Closure:

To a solution of the crude allenyl carbamate (433) in anhydrous THF (7.43 mL) cooled to 0 °C
was added KOtBu (51.90 mg, 0.46 mmol, 0.21 equiv.). The reaction mixture was left to stir at
0 °C for 2 hours before it was quenched with saturated aqueous NH4Cl. The aqueous phase was
extracted with EtOAc (3 ×) and the combined organic phases dried over Na2SO4 and filtered. The
filtrate was evaporated under reduced pressure to give the crude product, which was purified by
FCC (20% EtOAc/n-hexanes) to give 438j as a yellow solid (0.29 g, 64% yield).
Mp 97−102 °C. 1H NMR (400 MHz, CDCl3): δ 9.33 (br s, 1H, NH), 7.27–7.22 (m, 1H, ArH),
7.10–7.02 (m, 2H, 2 × ArH), 6.91–6.88 (m, 1H, ArH), 5.87 (s, 1H, CH), 4.77 (dt, J = 3.0, 1.4 Hz,
2H, C=C=CH2), 1.78 (td, J = 3.2, 1.0 Hz, 3H, CH3) ppm. 13C NMR (101 MHz, CDCl3): δ 207.5
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(C=C=CH2), 153.4 (CO), 135.3 (ArC), 129.4 (ArCH), 125.3 (ArCH), 123.3 (ArCH), 119.2 (ArC),
114.7 (ArCH), 97.7 (C=C=CH2), 81.5 (CH), 77.0 (C=C=CH2), 14.0 (CH3) ppm. FTIR v̅ max (cm-1):
3205, 3146, 3097, 2975, 2924, 1703, 1595, 1491, 1370, 1345, 1261, 1236, 1024, 871, 754, 741,
698, 573, 395. HRMS-ESI (m/z): [M + H]+ calcd for C12H12NO2, 202.0868; found, 202.0859.

5.3. Synthesis of 1,3-Enynes

Synthesis of (E)-2-(But-1-en-3-yn-1-yl)aniline (359a)

To a solution of allenyl carbamate 347a (0.24 g, 1.08 mmol, 1.00 equiv.) in anhydrous THF
(3.58 mL) cooled to 0 °C was added potassium tert-butoxide (0.25 g, 2.22 mmol, 2.06 equiv.).
The reaction mixture was left to stir at 0 °C for 2 hours before it was quenched with saturated
aqueous NH4Cl. The aqueous layer was extracted with EtOAc (3 ×), and the combined organic
phases dried over Na2SO4 and filtered. The filtrate was evaporated under reduced pressure to give
the crude product, which was purified by FCC (10% EtOAc/n-hexanes) to give enyne 359a as a
yellow solid (72.50 mg, 47% yield).
Mp 94–98 °C. 1H NMR (500 MHz, CDCl3): δ 7.26 (dd, J = 7.7, 1.5 Hz, 1H, ArH), 7.14–7.09
(m, 2H, ArH and CH=CH–C≡CH), 6.75 (td, J = 7.6, 0.9 Hz, 1H, ArH), 6.67 (dd, J = 8.1,
1.2 Hz, 1H, ArH), 6.02 (dd, J = 16.1, 2.4 Hz, 1H, CH=CH–C≡CH), 3.77 (br s, 2H, NH), 3.05
(dd, J = 2.4, 0.7 Hz, 1H, C≡CH) ppm.

C NMR (126 MHz, CDCl3): δ 144.0 (ArC), 138.8
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(CH=CH–C≡CH), 130.0 (ArCH), 126.9 (ArCH), 122.1 (ArC), 119.2 (ArCH), 116.6 (ArCH),
107.9 (CH=CH–C≡CH), 83.4 (C≡CH), 78.9 (C≡CH) ppm. FTIR v̅ max (cm-1): 3471, 3383, 3264,
1621, 1602, 1488, 1452, 1311, 1258, 958, 754, 664, 615, 487, 416. HRMS-ESI (m/z): [M + H]+
calcd for C10H10N, 144.0813; found, 144.0819.
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Synthesis of (E)-N-(2-(But-1-en-3-yn-1-yl)phenyl)-4-methylbenzenesulfonamide (367)

To a solution of enyne 359 (72.50 mg, 0.51 mmol, 1.00 equiv.) in anhydrous pyridine (2.00 mL)
at room temperature was added p-toluenesulfonyl chloride (0.12 g, 0.60 mmol, 1.18 equiv.).
The reaction mixture was heated to 80 °C and left to stir for 17 hours before it was transferred to
a separating funnel containing ice-cold water. The aqueous phase was extracted with EtOAc (3 ×),
and the combined organic layers were dried over Na2SO4 and filtered. The filtrate was evaporated
under reduced pressure to give the crude product, which was purified by FCC
(30% EtOAc/n-hexanes) to give 367 as an off-white solid (84.70 mg, 56% yield).
Mp 164–168 °C. 1H NMR (400 MHz, CDCl3): δ 7.59 (d, J = 8.3 Hz, 2H, 2 × ArH Ts), 7.35
(dd, J = 7.7, 1.6 Hz, 1H, ArH), 7.30–7.22 (m, 4H, 2 × ArH and 2 × ArH Ts), 7.18
(td, J = 7.4, 1.8 Hz, 1H, ArH), 6.84 (d, J = 16.1 Hz, 1H, CH=CH–C≡CH), 6.36 (br s, 1H, NH),
5.87 (dd, J = 16.1, 2.4 Hz, 1H, CH=CH–C≡CH), 3.05 (d, J = 2.4 Hz, 1H, C≡CH), 2.40
(s, 3H, CH3 Ts) ppm. 13C NMR (101 MHz, CDCl3): δ 144.3 (ArC), 137.2 (CH=CH–C≡CH),
136.2 (ArC), 133.2 (ArC), 131.8 (ArC), 129.9 (ArCH Ts), 129.8 (ArCH), 127.4 (ArCH Ts), 127.2
(ArCH), 126.5 (ArCH), 126.4 (ArCH), 110.6 (CH=CH–C≡CH), 82.4 (C≡CH), 80.2 (C≡CH), 21.7
(CH3 Ts) ppm. FTIR v̅ max (cm-1): 3280, 3260, 1392, 1325, 1158, 1087, 962, 898, 816, 750, 688,
657, 632, 601, 560, 533, 507, 475. HRMS-ESI (m/z): [M + Na]+ calcd for C17H15NO2NaS,
320.0721; found, 320.0736.
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5.4. Synthesis of 3-Nitroindoles
General Procedure F: N-Protection of Indoles 156a−d22a

To a solution of indole 156a–d (1.0 equiv.) and n-Bu4NHSO4 (0.1 equiv.) in anhydrous CH2Cl2
(0.10−0.35 M) cooled to 0 °C was added freshly ground NaOH pearls (4.0−4.2 equiv.).
The solution was left to stir at room temperature for 15 minutes, before the corresponding chloride
(1.4−2.1 equiv.) was added, and the solution was left to stir at room temperate for an additional
2−26 h. After this time, the reaction mixture was quenched with water, washed with brine and the
aqueous phase extracted with CH2Cl2 (3 ×). The combined organic phases were dried over
MgSO4, filtered and the filtrate was evaporated under reduced pressure. The crude product was
then purified by FCC to give the N-protected indole 157a–d.
1-Tosyl-1H-indole (157a)

Prepared via General Procedure F using indole (0.81 g, 6.91 mmol), n-Bu4NHSO4
(0.23 g, 0.69 mmol), NaOH (1.12 g, 27.97 mmol) and p-toluenesulfonyl chloride (1.78
g, 9.36 mmol) in CH2Cl2 (20.00 mL, 0.35 M) with a 26 h reaction time. Purification by FCC
(20% EtOAc/n-hexanes) gave N-protected indole 157a as a beige solid (0.85 g, 45% yield).
H NMR (400 MHz, CDCl3): δ 7.99 (d, J = 8.4 Hz, 1H, ArH), 7.76 (d, J = 8.4 Hz, 2H,

1

2 × ArH Ts), 7.56 (d, J = 3.7 Hz, 1H, NTs−CH=CH), 7.52 (d, J = 7.8 Hz, 1H, ArH), 7.30
(ddd, J = 8.4, 7.2, 1.3 Hz, 1H, ArH), 7.24–7.18 (m, 3H, ArH and 2 × ArH Ts), 6.65
(dd, J = 3.7, 0.8 Hz, 1H, NTs−CH=CH), 2.33 (s, 3H, CH3 Ts) ppm. 13C NMR (101 MHz, CDCl3):
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δ 145.0 (ArC), 135.5 (ArC), 135.0 (ArC), 130. 9 (ArC), 130.0 (ArCH Ts), 126.9 (ArCH Ts), 126.5
(NTs−CH=CH), 124.7 (ArCH), 123.4 (ArCH), 121.5 (ArCH), 113.7 (ArCH), 109.1
(NTs−CH=CH), 21.7 (CH3 Ts) ppm. NMR data matches literature values.22a
Methyl 1-tosyl-1H-indole-4-carboxylate (157b)

Prepared via General Procedure F using methyl indole-4-carboxylate (0.50 g, 2.86 mmol),
n-Bu4NHSO4 (0.10 g, 0.28 mmol), NaOH (0.46 g, 11.56 mmol) and p-toluenesulfonyl chloride
(1.01 g, 5.32 mmol) in CH2Cl2 (30.00 mL, 0.10 M) with a 2 h reaction time. Purification by FCC
(20% EtOAc/n-hexanes) gave N-protected indole 157b as a beige solid (0.65 g, 69% yield).
H NMR (400 MHz, CDCl3): δ 8.21 (d, J = 8.3 Hz, 1H, ArH), 7.96 (d, J = 7.6 Hz, 1H, ArH), 7.74
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(d, J = 8.4 Hz, 2H, 2 × ArH Ts), 7.69 (d, J = 3.7 Hz, 1H, TsN–CH=CH), 7.37–7.33
(m, 2H, ArH and NTs–CH=CH), 7.20 (d, J = 7.9 Hz, 2H, 2 × ArH Ts), 3.93 (s, 3H, CO2CH3),
2.30 (s, 3H, CH3 Ts) ppm. 13C NMR (101 MHz, CDCl3): δ 167.0 (CO), 145.4 (ArC Ts), 135.5
(ArC), 135.1 (ArC Ts), 130.8 (ArC), 130.1 (ArCH Ts), 128.3 (TsN–CH=CH), 126.9 (ArCH Ts),
126.2 (ArCH), 124.1 (ArCH), 122.7 (ArC–CO2Me), 118.1 (ArCH), 109.8 (NTs–CH=CH), 52.1
(CO2CH3), 21.6 (CH3 Ts) ppm. NMR data matches literature values.22a
5-Methoxy-1-tosyl-1H-indole (157c)

Prepared via General Procedure F using 5-methoxyindole (0.30 g, 2.05 mmol), n-Bu4NHSO4
(0.07 g, 0.21 mmol), NaOH (0.35 g, 8.66 mmol) and p-toluenesulfonyl chloride
(0.79 g, 4.14 mmol) in CH2Cl2 (10.20 mL, 0.20 M) with an 18 h reaction time. Purification by
FCC (20% EtOAc/n-hexanes) gave N-protected indole 157c as a white solid (0.37 g, 59% yield).
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H NMR (500 MHz, CDCl3): δ 7.88 (d, J = 9.0 Hz, 1H, ArH), 7.73 (d, J = 8.4 Hz, 2H,
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2 × ArH Ts), 7.52 (d, J = 3.6 Hz, 1H, TsN–CH=CH), 7.21 (d, J = 7.9 Hz, 2H, 2 × ArH Ts), 6.96
(d, J = 2.5 Hz, 1H, ArH), 6.92 (dd, J = 9.0, 2.5 Hz, 1H, ArH), 6.58 (dd, J = 3.7, 0.8 Hz, 1H,
TsN–CH=CH), 3.81 (s, 3H, OCH3), 2.33 (s, 3H, CH3 Ts) ppm. 13C NMR (126 MHz, CDCl3):
δ 156.4 (ArC–OCH3), 145.0 (ArC Ts), 135.2 (ArC Ts), 131.8 (ArC), 130.0 (ArCH Ts), 129.6
(ArC), 127.2 (TsN–CH=CH), 126.9 (ArCH Ts), 114.5 (ArCH), 113.8 (ArCH), 109.3
(TsN–CH=CH), 103.6 (ArCH), 55.7 (OCH3), 21.7 (CH3 Ts) ppm. NMR data matches literature
values.22a
Methyl 1H-indole-1-carboxylate (157d)

Prepared via General Procedure F using indole (0.49 g, 4.16 mmol), n-Bu4NHSO4
(0.14 g, 0.42 mmol), NaOH (0.69 g, 17.18 mmol) and methyl chloroformate (0.66 mL,
8.54 mmol) in CH2Cl2 (15.00 mL, 0.28 M) with a 20 h reaction time. Purification by FCC (20%
EtOAc/n-hexanes) gave N-protected indole 157d as an orange oil (0.67 g, 90% yield). 1H NMR
(500 MHz, CDCl3): δ 8.18 (d, J = 8.2 Hz, 1H, ArH), 7.58 (d, J = 3.8 Hz, 1H, N–CH=CH), 7.56
(d, J = 7.7 Hz, 1H, ArH), 7.34–7.31 (m, 1H, ArH), 7.25–7.22 (m, 1H, ArH), 6.58 (d, J = 3.7 Hz,
1H, N–CH=CH), 4.02 (s, 3H, CH3) ppm. 13C NMR (126 MHz, CDCl3): δ 151.6 (CO), 135.3
(ArC), 130.6 (ArC), 125.6 (N–CH=CH), 124.6 (ArCH), 123.1 (ArCH), 121.1 (ArCH), 115.2
(ArCH), 108.2 (N–CH=CH), 53.9 (CH3) ppm. NMR data matches literature values.134
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Synthesis of 1-(Methylsulfonyl)-1H-indole (157e)135

A biphasic solution of indole (1.17 g, 10.01 mmol, 1.00 equiv.), tetrabutylammonium chloride
(0.11 g, 0.40 mmol, 0.04 equiv.) and 50 wt% NaOH solution (10.00 mL) in toluene (30.00 mL)
was left to stir at room temperature for 5 minutes. A solution of methanesulfonyl chloride
(1.77 g, 15.44 mmol, 1.54 equiv.) in toluene (15.00 mL) was then added dropwise, and the
solution was left to stir for an additional 24 hours. The organic phase was washed with water
(3 ×), dried over Na2SO4 and filtered. The filtrate was evaporated under reduced pressure to give
the crude product, which was purified by FCC (20% EtOAc/n-hexane) to give the N-protected
indole 157e as a yellow oil in 81% yield (1.57 g, 8.06 mmol).
H NMR (500 MHz, CDCl3): δ 7.91 (d, J = 8.3 Hz, 1H, ArH), 7.62 (d, J = 7.8 Hz, 1H, ArH),
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7.44 (d, J = 3.7 Hz, 1H, MsN−CH=CH), 7.36 (ddd, J = 8.4, 7.2, 1.3 Hz, 1H, ArH), 7.30
(td, J = 7.5, 1.1 Hz, 1H, ArH), 6.71 (dd, J = 3.7, 0.9 Hz, 1H, MsN−CH=CH), 3.08 (s, 3H, CH3 Ms)
ppm. 13C NMR (125 MHz, CDCl3): δ 135.0 (ArC), 130.8 (ArC), 126.2 (MsN−CH=CH), 125.0
(ArCH), 123.6 (ArCH), 121.8 (ArCH), 113.1 (ArCH), 109.0 (MsN−CH=CH), 40.8 (CH3 Ms)
ppm. NMR data matches literature values.136
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General Procedure G: Nitration of N-Protected Indoles 157a−f 22a

To a solution of 70% HNO3 (3.0 equiv.) cooled to 0 °C was added acetic anhydride (excess)
dropwise and the reaction mixture was left to stir for 20 minutes to generate acetyl nitrate in-situ.
Acetyl nitrate was then added dropwise to a solution of the corresponding N-protected indole
157a−f (1.0 equiv.) in acetic anhydride (2.00−5.00 mL) at −78 °C and the mixture left to stir at
0 °C for 2−4 h. The reaction mixture was quenched with ice-cold water, extracted with EtOAc
(3 ×), and the solvent was evaporated under reduced pressure. The residue was dissolved in
EtOAc, extracted with saturated aqueous NaHCO3 (5 ×), dried over MgSO4 and filtered. The
filtrate was evaporated under reduced pressure to give the crude product, which was either
purified via FCC or by trituration with MeOH to give 3-nitroindole 148a–g.
3-Nitro-1-tosyl-1H-indole (148a)

Prepared via General Procedure G using N-protected indole 157a (0.50 g, 1.84 mmol) and
70% HNO3 (0.33 mL, 5.54 mmol) in Ac2O (5.00 mL) with a 3 h reaction time. Trituration with
MeOH gave 3-nitroindole 148a as a beige solid (0.33 g, 57% yield). 1H NMR (500 MHz, CDCl3):
δ 8.56 (s, 1H, TsN−CH=C), 8.26–8.22 (m, 1H, ArH), 8.02–7.99 (m, 1H, ArH), 7.88
(d, J = 8.5 Hz, 2H, 2 × ArH Ts), 7.48–7.44 (m, 2H, 2 × ArH), 7.33 (d, J = 7.8 Hz, 2H, 2 × ArH Ts),
2.40 (s, 3H, CH3 Ts) ppm. 13C NMR (101 MHz, CDCl3): δ 146.9 (ArC), 134.0 (ArC), 133.7
(ArC), 133.4 (C−NO2), 130.7 (ArCH Ts), 128.0 (TsN−CH=C), 127.6 (ArCH Ts), 126.9 (ArCH),

195

126.0 (ArCH), 121.9 (ArC), 121.4 (ArCH), 113.7 (ArCH), 21.9 (CH3 Ts) ppm. NMR data
matches literature values.22a
Methyl 3-nitro-1-tosyl-1H-indole-4-carboxylate (148b)

Prepared via General Procedure G using N-protected indole 157b (0.30 g, 0.92 mmol) and
70% HNO3 (0.16 mL, 2.68 mmol) in Ac2O (4.00 mL) with a 2 h reaction time. Purification by
FCC (20% EtOAc/n-hexanes) gave 3-nitroindole 148b as a white solid (0.10 g, 30% yield).
H NMR (400 MHz, CDCl3): δ 8.53 (s, 1H, TsN−CH=C), 8.16 (dd, J = 8.5, 1.0 Hz, 1H, ArH),
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7.86 (d, J = 8.5 Hz, 2H, 2 × ArH Ts), 7.68 (dd, J = 7.5, 0.9 Hz, 1H, ArH), 7.51
(dd, J = 8.6, 7.5 Hz, 1H, ArH), 7.34 (d, J = 7.9 Hz, 2H, 2 × ArH Ts), 3.89 (s, 3H, CO2CH3), 2.41
(s, 3H, CH3 Ts) ppm. 13C NMR (101 MHz, CDCl3): δ 167.8 (CO), 147.2 (ArC), 134.1 (C−NO2),
134.0 (ArC), 133.8 (ArC), 130.8 (ArCH Ts), 128.6 (TsN−CH=C), 127.6 (ArCH Ts), 126.5
(ArCH), 126.3 (ArC), 126.2 (ArCH), 118.5 (ArC), 116.4 (ArCH), 52.6 (CO2CH3), 21.9 (CH3 Ts)
ppm. NMR data matches literature values.22a
5-Methoxy-3-nitro-1-tosyl-1H-indole (148c)

Prepared via General Procedure G using N-protected indole 157c (0.20 g, 0.67 mmol) and
70% HNO3 (0.12 mL, 2.01 mmol) in Ac2O (3.00 mL) with a 2 h reaction time. Purification by
FCC (30% EtOAc/n-hexanes) gave 3-nitroindole 148c as a white solid (80.20 mg, 35% yield).
H NMR (500 MHz, CDCl3): δ 8.51 (d, J = 0.8 Hz, 1H, TsN−CH=C), 7.78 (d, J = 8.5 Hz, 2H,
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2 × ArH Ts), 7.74 (d, J = 3.6 Hz, 1H, ArH), 7.28 (d, J = 7.7 Hz, 2H, 2 × ArH Ts), 7.13
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(s, 1H, ArH), 6.65 (dd, J = 3.5, 0.8 Hz, 1H, ArH), 3.94 (s, 3H, OCH3), 2.37 (s, 3H, CH3 Ts) ppm.
C NMR (126 MHz, CDCl3): δ 150.1 (ArC−OCH3), 145.8 (ArC), 138.0 (C−NO2), 135.0 (ArC),
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134.8 (ArC), 131.4 (ArCH), 130.4 (ArCH Ts), 127.4 (ArC), 127.1 (ArCH Ts), 111.7
(TsN−CH=C), 108.7 (ArCH), 104.7 (ArCH), 57.0 (OCH3), 21.8 (CH3 Ts) ppm. NMR data
matches literature values.22a
Methyl 3-nitro-1H-indole-1-carboxylate (148d)

Prepared via General Procedure G using N-protected indole 157d (0.20 g, 1.12 mmol) and
70% HNO3 (0.20 mL, 3.35 mmol) in Ac2O (3.00 mL) with a 2 h reaction time. Purification by
FCC (20% EtOAc/n-hexanes), followed by trituration with MeOH gave 3-nitroindole 148d as a
white solid (81.30 mg, 32% yield). 1H NMR (400 MHz, CDCl3): δ 8.57 (s, 1H, TsN−CH=C),
8.29–8.24 (m, 2H, 2 × ArH), 7.51–7.46 (m, 2H, 2 × ArH), 4.15 (s, 3H, CH3) ppm. 13C NMR
(101 MHz, CDCl3): δ 150.4 (CO), 134.5 (ArC), 133.4, (C−NO2), 127.5 (TsN−CH=C), 127.1
(ArCH), 125.9 (ArCH), 121.6 (ArC), 121.0 (ArCH), 115.6 (ArCH), 55.2 (CH3) ppm. NMR data
matches literature values.22a
1-(Methylsulfonyl)-3-nitro-1H-indole (148e)

Prepared via General Procedure G using N-protected indole 157f (0.51 g, 2.59 mmol) and
70% HNO3 (0.46 mL, 7.72 mmol) in Ac2O (4.00 mL) with a 4 h reaction time. Trituration with
MeOH gave 3-nitroindole 148e as a pale-yellow solid (0.23 mg, 37% yield). Mp 201–209 °C.
H NMR (400 MHz, CDCl3) δ: 8.46 (s, 1H, MsN−CH=C), 8.35−8.33 (m, 1H, ArH), 7.97−7.93
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(m, 1H, ArH), 7.57−7.52 (m, 2H, 2 × ArH), 3.34 (s, 3H, CH3) ppm. 13C NMR (100 MHz, CDCl3)
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δ: 133.8 (ArC), 133.4 (C−NO2), 127.8 (MsN−CH=C), 127.3 (ArCH), 126.3 (ArCH), 121.9 (ArC),
121.7 (ArCH), 113.2 (ArCH), 42.4 (CH3) ppm. FTIR v̅ max (cm-1): 1636, 1576, 1291, 1310, 1152,
1086, 961, 814, 774. HRMS-ESI (m/z): [M + H]+ calcd for C9H9N2O4S, 241.0283; found,
241.0282.
7-Chloro-3-nitro-1-tosyl-1H-indole (148f)

Prepared via General Procedure G using 7-chloro-1-tosyl-1H-indole (0.59 g, 1.93 mmol) and
70% HNO3 (0.34 mL, 5.70 mmol) in Ac2O (3.00 mL) with a 3 h reaction time. Trituration with
MeOH gave 3-nitroindole 148f as a white solid (0.30 g, 45% yield). 1H NMR (400 MHz, CDCl3):
δ 8.94 (s, 1H, TsN−CH=C), 8.27 (dd, J = 6.7, 2.5 Hz, 1H, ArH), 7.78 (d, J = 8.5 Hz, 2H,
2 × ArH Ts), 7.39−7.33 (m, 4H, 2 × ArH Ts and 2 × ArH), 2.45 (s, 3H, CH3 Ts) ppm. 13C NMR
(126 MHz, CDCl3): δ 146.5 (ArC), 135.3 (ArC), 132.1 (TsN−CH=C), 131.7 (C−NO2), 131.2
(ArC), 130.3 (ArCH Ts), 129.1 (ArCH), 128.0 (ArCH Ts), 126.8 (ArCH), 125.5 (ArC), 120.0
(ArCH), 119.5 (ArC), 21.9 (CH3 Ts) ppm. NMR data matches literature values.22a
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5.5. Synthesis of Tetrahydro-5H-indolo[2,3-b]quinolines

General Procedure H: Palladium-Catalysed Decarboxylative (4 + 2) Cycloaddition

An oven-dried Schlenk flask was charged with vinyl benzoxazinanone 147a−g (1.2–2.5 equiv.),
indole 148a−t (1.0 equiv.), Pd2(dba)3•CHCl3 (7.5 mol%) and phenanthroline (15 mol%). The flask
was fitted with a rubber septum and evacuated and backfilled with nitrogen gas (3 ×) via the side
arm. Anhydrous THF (0.1 M) was then added, and the mixture was left to stir at room temperature
for 1–24 h. The reaction mixture was then transferred to a clean round bottom flask using CH2Cl2
and the solvent was evaporated under reduced pressure to give the crude product. The crude
product was then purified by FCC to give tetrahydroindoloquinolines 149/149′.
10b-Nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoline (149aa/149aa′)

Prepared via General Procedure H using vinyl benzoxazinanone 147a (10.0 mg, 0.06 mmol),
indole 148a (15.1 mg, 0.05 mmol), Pd2(dba)3•CHCl3 (3.7 mg, 7.5 mol%) and 1,10-phenanthroline
(1.3 mg, 15 mol%) in THF (0.48 mL) with a 1 h reaction time. Purification by FCC (10–20%
EtOAc/n-hexanes) gave 149aa/149aa′ as an inseparable mixture of diastereomers. White solid
(18.9 mg, 88% yield, dr 90:10 trans:cis). 1H NMR (500 MHz, CDCl3): δ 7.58 (d, J = 8.5 Hz,
2H, 2 × ArH Ts), 7.51 (d, J = 8.2 Hz, 1H, ArH), 7.48 (dd, J = 7.9, 1.4 Hz, 1H, ArH), 7.29
(ddd, J = 8.4, 7.4, 1.3 Hz, 1H, ArH), 7.19 (d, J = 7.9 Hz, 2H, 2 × ArH Ts), 7.13
(tdd, J = 7.6, 1.5, 0.8 Hz, 1H, ArH), 7.03 (td, J = 7.6, 1.1 Hz, 1H, ArH), 6.94
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(d, J = 7.5 Hz, 1H, ArH), 6.87 (dd, J = 7.9, 1.2 Hz, 1H, ArH), 6.81 (td, J = 7.5, 1.2 Hz, 1H, ArH),
6.24 (dt, J = 17.0, 10.1 Hz, 1H, –CH=CH2), 6.14 (d, J = 2.5 Hz, 1H, TsN–CH), 5.40
(dd, J = 10.1, 1.3 Hz, 1H, –CH=CH2), 5.33 (dt, J = 17.0, 1.1 Hz, 1H, –CH=CH2), 5.17
(d, J = 2.5 Hz, 1H, NH), 4.35 (d, J = 9.9 Hz, 1H, CH–CH=CH2), 2.35 (s, 3H, CH3 Ts) ppm.
13

C NMR (101 MHz, CDCl3): δ 145.3 (ArC Ts), 143.0 (ArC), 141.4 (ArC), 133.6 (ArC Ts),

131.8 (ArCH), 130.7 (–CH=CH2), 130.2 (ArCH Ts), 128.8 (ArCH), 128.6 (ArCH), 127.2
(ArCH Ts), 126.1 (ArCH), 124.4 (ArC), 124.2 (ArCH), 123.8 (ArC), 122.8 (–CH=CH2), 121.7
(ArCH), 116.8 (ArCH), 114.9 (ArCH), 101.2 (C–NO2), 79.9 (TsN–CH), 50.2 (CH–CH=CH2),
21.7 (CH3 Ts) ppm. FTIR v̅ max (cm-1): 3367, 1595, 1480, 1462, 1354, 1170, 1158, 1086, 989,
959, 763, 751, 705, 660, 576, 537, 523. HRMS-ESI (m/z): [M + H]+ calcd for C24H22N3O4S,
448.13255; found, 448.13253.
10b-Nitro-6-((4-nitrophenyl)sulfonyl)-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]
quinoline (149ag/149ag′)

Prepared via General Procedure H using vinyl benzoxazinanone 147a (10.2 mg, 0.06 mmol),
indole 148g (16.5 mg, 0.05 mmol), Pd2(dba)3•CHCl3 (3.7 mg, 7.5 mol%) and 1,10-phenanthroline
(1.3 mg, 15 mol%) in THF (0.48 mL) with a 24 h reaction time. Purification by FCC
(10–20% EtOAc/n-hexanes) gave 149ag/149ag′ as an inseparable mixture of diastereomers.
White solid (15.7 mg, 69% yield, dr 91:9 trans:cis). 1H NMR (500 MHz, CDCl3): δ 8.25
(d, J = 8.9 Hz, 2H, 2 × ArH Ns), 7.89 (d, J = 8.9 Hz, 2H, 2 × ArH Ns), 7.52 (d, J = 8.4 Hz,
1H, ArH), 7.49 (d, J = 7.9 Hz, 1H, ArH), 7.36–7.33 (m, 1H, ArH), 7.15 (app. t, J = 7.7 Hz,
1H, ArH), 7.10 (app. t, J = 7.7 Hz, 1H, ArH), 6.97 (d, J = 7.5 Hz, 1H, ArH), 6.87–6.82 (m, 2H,
2 × ArH), 6.24–6.17 (m, 2H, –CH=CH2 and NsN–CH), 5.42 (dd, J = 10.2, 1.3 Hz, 1H, –CH=CH2),
5.35 (d, J = 17.0 Hz, 1H, –CH=CH2), 5.10 (d, J = 2.6 Hz, 1H, NH), 4.38 (d, J = 9.9 Hz, 1H,
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CH–CH=CH2) ppm. 13C NMR (126 MHz, CDCl3): δ 150. 9 (ArC), 142.2 (ArC), 142.1 (ArC),
140.9 (ArC), 132.1 (ArCH), 130.3 (–CH=CH2), 128.9 (ArCH), 128.7 (ArCH), 128.4 (ArCH Ns),
126.3 (ArCH), 125.1 (ArCH), 124.7 (ArCH Ns), 124.31 (ArC), 124.25 (ArC), 123.2 (–CH=CH2),
122.0 (ArCH), 116.7 (ArCH), 114.8 (ArCH), 100.9 (C–NO2), 80.3 (NsN–CH), 49.8
(CH–CH=CH2) ppm. FTIR v̅ max (cm-1): 3365, 3100, 1551, 1535, 1464, 1347, 1173, 992, 950, 854,
767, 750, 679, 624, 602, 570, 554, 522, 458. HRMS-ESI (m/z): [M − H]− calcd for C23H17N4O6S,
477.08633; found, 477.08742.
6-(Methylsulfonyl)-10b-nitro-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoline
(149ae/149ae′)

Prepared via General Procedure H using vinyl benzoxazinanone 147a (10.0 mg, 0.06 mmol),
indole 148e (11.4 mg, 0.05 mmol), Pd2(dba)3•CHCl3 (3.7 mg, 7.5 mol%) and 1,10-phenanthroline
(1.4 mg, 15 mol%) in THF (0.48 mL) with a 24 h reaction time. Purification by FCC (10–20%
EtOAc/n-hexanes) gave 149ae/149ae′ as an inseparable mixture of diastereomers. White solid
(14.6 mg, 65% yield, dr 80:20 trans:cis). 1H NMR (500 MHz, CDCl3): δ 7.66 (d, J = 7.8 Hz,
1H, ArH cis), 7.59 (d, J = 7.9 Hz, 1H, ArH trans), 7.34–7.33 (m, 3H, 2 × ArH trans and ArH cis),
7.29–7.27 (m, 1H, ArH cis), 7.16–7.05 (m, 3H, 2 × ArH trans and ArH cis), 7.03 (d, J = 7.9 Hz,
1H, ArH cis), 7.00 (d, J = 7.5 Hz, 1H, ArH trans), 6.95 (d, J = 7.4 Hz, 1H, ArH cis), 6.85–6.83
(m, 2H, 2 × ArH trans), 6.76–6.71 (m, 2H, 2 × ArH cis), 6.65 (d, J = 1.7 Hz, 1H, MsN–CH cis),
6.25–6.10 (m, 3H, MsN–CH trans, –CH=CH2 trans and –CH=CH2 cis), 5.44–5.37 (m, 2H,
–CH=CH2 trans), 5.34 (d, J = 16.9 Hz, 1H, –CH=CH2 cis), 5.19 (d, J = 10.1 Hz, 1H,
–CH=CH2 cis), 5.11 (d, J = 2.9 Hz, 1H, NH trans), 4.77 (s, 1H, NH cis), 4.55 (d, J = 8.8 Hz, 1H,
CH–CH=CH2 cis), 4.49 (d, J = 9.8 Hz, 1H, CH–CH=CH2 trans), 3.00 (s, 3H, CH3 Ms cis), 2.92
(s, 3H, CH3 Ms trans) ppm. 13C NMR (126 MHz, CDCl3): δ 142.8 (ArC trans), 142.4 (ArC cis),
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141.1 (ArC trans), 140.4 (ArC cis), 132.61 and 132.59 (overlapping –CH=CH2 cis and ArCH
cis), 132.2 (ArCH trans), 130.9 (–CH=CH2 trans), 129.1 (ArCH cis), 128.9 (ArCH trans), 128.5
(ArCH cis), 128.4 (ArCH trans), 126.6 (ArCH trans), 126.3 (ArC cis), 125.7 (ArCH cis), 125.0
(ArCH cis), 124.4 (ArC trans), 124.3 (ArCH trans), 123.8 (ArC trans), 122.8 (ArC cis), 122.7
(–CH=CH2 trans), 121.9 (ArCH trans), 121.8 (ArCH cis), 120.4 (–CH=CH2 cis), 116.8
(ArCH trans), 116.5 (ArCH cis), 114.0 (ArCH cis), 113.7 (ArCH trans), 101.1 (C–NO2 trans),
99.4 (C–NO2 cis), 80.2 (MsN–CH trans), 76.5 (MsN–CH cis), 51.6 (CH–CH=CH2 cis), 49.8
(CH–CH=CH2 trans), 38.0 (CH3 Ms cis), 36.9 (CH3 Ms trans) ppm. FTIR v̅ max (cm-1): 3398,
3352, 292, 1549, 1479, 1464, 1339, 1151, 999, 969, 748, 627, 539, 508. HRMS-ESI (m/z):
[M + H]+ calcd for C18H18N3O4S, 359.10125; found, 359.10079.
Methyl 10b-nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoline-9carboxylate (149an/149an′)

Prepared via General Procedure H using vinyl benzoxazinanone 147a (10.1 mg, 0.06 mmol),
indole 148n (17.9 mg, 0.05 mmol), Pd2(dba)3•CHCl3 (3.8 mg, 7.5 mol%) and 1,10-phenanthroline
(1.3 mg, 15 mol%) in THF (0.48 mL) with a 1 h reaction time. Purification by FCC (10–20%
EtOAc/n-hexanes) gave 149an/149an′ as an inseparable mixture of diastereomers. White solid
(20.4 mg, 85% yield, dr 86:14 trans:cis). 1H NMR (400 MHz, CDCl3): δ 8.27 (d, J = 1.8 Hz,
1H, ArH cis), 8.14 (d, J = 1.8 Hz, 1H, ArH trans), 7.99–7.93 (m, 2H, ArH cis and ArH trans),
7.73 (d, J = 7.9 Hz, 2H, 2 × ArH Ts cis), 7.60 (d, J = 8.0 Hz, 2H, 2 × ArH trans), 7.52
(d, J = 8.6 Hz, 1H, ArH trans), 7.48 (d, J = 8.6 Hz, 1H, ArH cis), 7.26–7.20 (m, 4H, 2 × ArH Ts
trans and 2 × ArH Ts cis), 7.14 (app. t, J = 7.7 Hz, 1H, ArH trans), 7.07 (app. t, J = 5.8 Hz, 1H,
ArH cis), 6.96–6.92 (m, 2H, ArH cis and ArH trans), 6.87 (d, J = 7.8 Hz, 1H, ArH trans),
6.84–6.73 (m, 3H, ArH trans and 2 × ArH cis), 6.67 (d, J = 1.8 Hz, 1H, TsN–CH cis), 6.27
(dt, J = 16.9, 10.1 Hz, 1H, –CH=CH2 trans), 6.19 (d, J = 2.5 Hz, 1H, TsN–CH trans), 6.10
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(dt, J = 17.9, 9.6 Hz, 1 H, –CH=CH2 cis), 5.49 (d, J = 10.2 Hz, 1H, –CH=CH2 trans), 5.39
(d, J = 16.9 Hz, 1H, –CH=CH2 trans), 5.29 (d, J = 17.0 Hz, 1H, –CH=CH2 cis), 5.22
(d, J = 2.5 Hz, 1H, NH trans), 5.15 (d, J = 10.1 Hz, 1H, –CH=CH2 cis), 5.00 (s, 1H, NH cis), 4.44
(d, J = 9.0 Hz, 1H, CH–CH=CH2 cis), 4.37 (d, J = 10.0 Hz, 1H, CH–CH=CH2 trans), 3.89
(s, 6H, CO2CH3 cis and CO2CH3 trans), 2.37 (s, 3H, CH3 Ts cis), 2.36 (s, 3 H, CH3 Ts trans) ppm.
C NMR (101 MHz, CDCl3): δ (one ArC trans ‘missing’ due to overlap) 166.0 (CO trans), 165.8
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(CO cis), 146.6 (ArC trans), 146.1 (ArC cis), 145.7 (ArC trans), 145.6 (ArC cis), 141.1
(ArC trans), 140.3 (ArC cis), 134.3 (ArC cis), 134.1 (ArCH cis), 133.61 (ArCH trans), 133.55
(ArC trans), 132.6 (–CH=CH2 cis), 130.4 (ArCH trans), 130.34 (ArCH Ts trans), 130.27
(ArCH Ts cis), 130.1 (–CH=CH2 trans), 129.2 (ArCH cis), 128.9 (ArCH trans), 128.6
(ArCH cis), 127.7 (ArCH cis), 127.2 (ArCH Ts cis), 127.1 (ArCH Ts trans), 126.6 (ArC cis),
126.3 (ArC cis), 126.2 (ArCH trans), 124.3 (ArC trans), 123.8 (ArC trans), 123.6
(CH=CH2 trans), 122.9 (ArC cis), 122.2 (ArCH cis), 122.0 (ArCH trans), 120.3 (–CH=CH2 cis),
116.9 (overlapping ArCH cis and ArCH trans), 114.0 (ArCH trans), 113.6 (ArCH cis), 100.6
(C–NO2 trans), 98.9 (C–NO2 cis), 80.7 (TsN–CH trans), 77.2 (TsN–CH cis), 52.45 (overlapping
CO2CH3 cis and CO2CH3 trans), 52.41 (CH–CH=CH2 cis), 50.1 (CH–CH=CH2 trans), 21.8
(CH3 Ts cis), 21.7 (CH3 Ts trans) ppm. FTIR v̅ max (cm-1): 3366, 1553, 1360, 1267, 1168, 1134,
1087, 985, 956, 764, 750, 706, 658, 567, 536, 439. HRMS-ESI (m/z): [M + H]+ calcd for
C26H24N3O6S, 506.13683; found, 506.13680.
10b-Nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoline-9-carbonitrile
(149ao/149ao′)

Prepared via General Procedure H using vinyl benzoxazinanone 147a (10.0 mg, 0.06 mmol),
indole 148o (16.1 mg, 0.05 mmol), Pd2(dba)3•CHCl3 (3.7 mg, 7.5 mol%) and 1,10-phenanthroline
(1.4 mg, 15 mol%) in THF (0.48 mL) with a 1 h reaction time. Purification by FCC (10–20%
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EtOAc/n-hexanes) gave 149ao/149ao′ as an inseparable mixture of diastereomers. White solid
(16.7 mg, 75% yield, dr 84:16 trans:cis). 1H NMR (500 MHz, CDCl3): δ 7.90 (s, 1H, ArH cis),
7.78 (s, 1H, ArH trans), 7.73 (d, J = 8.4 Hz, 2H, 2 × ArH Ts cis), 7.60 (d, J = 8.4 Hz, 2H,
2 × ArH Ts trans), 7.55 (d, J = 1.3 Hz, 2H, 2 × ArH trans), 7.52 (d, J = 1.1 Hz, 2H, 2 × ArH cis),
7.29 (d, J = 8.7 Hz, 2H, 2 × ArH Ts cis), 7.26–7.24 (m, 2H, 2 × ArH Ts trans), 7.17 (app. t,
J = 7.6 Hz, 1H, ArH trans), 7.12–7.08 (m, 1H, ArH cis), 6.96 (d, J = 7.5 Hz, 1H, ArH trans), 6.93
(dd, J = 7.6, 1.5 Hz, 1H, ArH cis), 6.89–6.84 (m, 2H, 2 × ArH trans), 6.82–6.79 (m, 2H,
2 × ArH cis), 6.67 (d, J = 1.9 Hz, 1H, TsN–CH cis), 6.24–6.17 (m, 2H, TsN–CH trans and
–CH=CH2 trans), 6.08 (ddd, J = 16.9, 10.1, 8.9 Hz, 1H, –CH=CH2 cis), 5.53 (dd, J = 10.1, 1.2 Hz,
1H, –CH=CH2 trans), 5.42 (d, J = 16.9 Hz, 1H, –CH=CH2 trans), 5.30–5.25 (m, 2H,
–CH=CH2 cis and NH trans), 5.16 (d, J = 10.1 Hz, 1H, –CH=CH2 cis), 5.02 (d, J = 1.9 Hz, 1H,
NH cis), 4.33 (d, J = 10.3 Hz, 2H, CH–CH=CH2 cis and CH–CH=CH2 trans), 2.40 (s, 3H, CH3
Ts cis), 2.39 (s, 3H, CH3 Ts trans) ppm. 13C NMR (126 MHz, CDCl3): δ (one ArC cis ‘missing’
due to overlap) 146.4 (ArC trans), 146.1 (ArC trans), 146.0 (ArC cis), 145.9 (ArC cis), 140.9
(ArC trans), 140.1 (ArC cis), 136.4 (ArCH cis), 135.8 (ArCH trans), 134.1 (ArC cis), 133.4
(ArC trans), 133.0 (ArCH trans), 132.2 (–CH=CH2 cis), 130.52 (ArCH Ts trans), 130.46
(ArCH Ts cis), 130.3 (ArCH cis), 129.5 (–CH=CH2 trans), 129.4 (ArCH cis), 129.1 (ArCH trans),
128.6 (ArCH cis), 127.1 (ArCH Ts cis), 127.0 (ArCH Ts trans), 126.1 (ArCH trans), 124.4
(ArC trans), 124.3 (–CH=CH2 trans), 123.8 (ArC trans), 122.50 (ArC cis), 122.47 (ArCH cis),
122.3 (ArCH trans), 120.7 (–CH=CH2 cis), 118.2 (CN trans), 118.1 (CN cis), 117.10
(ArCH trans), 117.06 (ArCH cis), 114.8 (ArCH trans), 114.4 (ArCH cis), 107.9 (ArC–CN cis),
107.6 (ArC–CN trans), 100.3 (C–NO2 trans), 98.6 (C–NO2 cis), 80.6 (TsN–CH trans), 77.4
(TsN–CH cis), 52.6 (CH–CH=CH2 cis), 50.0 (CH–CH=CH2 trans), 21.82 (CH3 Ts cis), 21.80
(CH3 Ts trans) ppm. FTIR v̅ max (cm-1): 3376, 2920, 2231, 1557, 1479, 1362, 1168, 1086, 954,
754, 732, 660, 590, 548, 528. HRMS-ESI (m/z): [M − H]− calcd for C25H19N4O4S, 471.11215;
found, 471.11352.

204

9-Bromo-10b-nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoline
(149ap/149ap′)

Prepared via General Procedure H using vinyl benzoxazinanone 147a (10.1 mg, 0.06 mmol),
indole 148p (18.8 mg, 0.05 mmol), Pd2(dba)3•CHCl3 (3.7 mg, 7.5 mol%) and 1,10-phenanthroline
(1.3 mg, 15 mol%) in THF (0.48 mL) with a 1 h reaction time. Purification by FCC (10–20%
EtOAc/n-hexanes) gave 149ap/149ap′ as an inseparable mixture of diastereomers. White solid
(15.8 mg, 63% yield, dr 94:6 trans:cis). 1H NMR (400 MHz, CDCl3): δ 7.58–7.56 (m, 3H, ArH
and 2 × ArH Ts), 7.39 (s, 2H, 2 × ArH), 7.22 (d, J = 8.0 Hz, 2H, 2 × ArH Ts), 7.16 (app. t,
J = 7.6 Hz, 1H, ArH), 6.96 (d, J = 7.5 Hz, 1H, ArH), 6.88–6.83 (m, 2H, 2 × ArH), 6.21 (dt,
J = 16.9, 10.1 Hz, 1H, –CH=CH2), 6.11 (d, J = 2.5 Hz, 1H, TsN–CH), 5.47 (d, J = 10.1 Hz, 1H,
–CH=CH2), 5.36 (d, J = 17.0 Hz, 1H, –CH=CH2), 5.16 (s, 1H, NH), 4.31 (d, J = 10.0 Hz, 1H,
CH-CH=CH2), 2.37 (s, 3H, CH3 Ts) ppm. 13C NMR (101 MHz, CDCl3): δ 145.6 (ArC Ts), 142.2
(ArC), 141.2 (ArC), 134.8 (ArCH), 133.3 (ArC Ts), 131.5 (ArCH), 130.3 (ArCH Ts), 130.0
(–CH=CH2), 129.0 (ArCH), 127.1 (ArCH Ts), 126.2 (ArCH), 125.5 (ArC), 124.0 (ArC), 123.5
(–CH=CH2), 121.9 (Ar CH), 116.9 (ArCH), 116.8 (ArC–Br), 116.2 (ArCH), 100.6 (C–NO2), 80.2
(TsN–CH), 50.1 (CH-CH=CH2), 21.8 (CH3 Ts) ppm. FTIR v̅ max (cm-1): 3381, 1551, 1466, 1354,
1165, 1008, 747, 727, 661, 584, 530. HRMS-ESI (m/z): [M + H]+ calcd for C24H21BrN3O4S,
526.0436; found, 526.0449.
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9-Chloro-10b-nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoline
(149aq/149aq′)

Prepared via General Procedure H using vinyl benzoxazinanone 147a (17.2 mg, 0.10 mmol),
indole 148q (13.7 mg, 0.04 mmol), Pd2(dba)3•CHCl3 (3.1 mg, 7.5 mol%) and 1,10-phenanthroline
(1.0 mg, 15 mol%) in THF (0.39 mL) with a 24 h reaction time. Purification by FCC (10–20%
EtOAc/n-hexanes) gave 149aq/149aq′ as an inseparable mixture of diastereomers. White solid
(7.9 mg, 42% yield, dr 92:8 trans:cis). 1H NMR (400 MHz, CDCl3): δ 7.56 (d, J = 8.4 Hz, 2H,
2 × ArH Ts), 7.45 (d, J = 4.0 Hz, 1H, ArH), 7.43 (d, J = 2.5 Hz, 1H, ArH), 7.24
(d, J = 2.2 Hz, 1H, ArH), 7.22 (d, J = 7.9 Hz, 2H, 2 × ArH Ts), 7.16 (app. t, J = 7.6 Hz, 1H, ArH),
6.96 (d, J = 7.5 Hz, 1H, ArH), 6.88–6.82 (m, 2H, 2 × ArH), 6.22 (dt, J = 17.0, 10.1 Hz, 1H,
–CH=CH2), 6.12 (d, J = 2.5 Hz, 1H, TsN–CH), 5.47 (dd, J = 10.2, 1.3 Hz, 1H, –CH=CH2), 5.36
(dd, J = 16.9, 1.2 Hz, 1H, –CH=CH2), 5.15 (d, J = 2.6 Hz, 1H, NH), 4.31 (d, J = 9.8 Hz, 1H,
CH–CH=CH2), 2.37 (s, 3H, CH3 Ts) ppm. 13C NMR (101 MHz, CDCl3): δ 145.6 (ArC Ts), 141.7
(ArC), 141.2 (ArC), 133.3 (ArC Ts), 132.0 (ArCH), 130.3 (ArCH Ts), 130.0 (–CH=CH2), 129.6
(ArC), 129.0 (ArCH), 128.6 (ArCH), 127.1 (ArCH Ts), 126.1 (ArCH), 125.2 (ArC), 124.0 (ArC),
123.5 (–CH=CH2), 121.9 (ArCH), 116.9 (ArCH), 115.9 (ArCH), 100.7 (C–NO2), 80.3 (TsN–CH),
50.1 (CH–CH=CH2), 21.8 (CH3 Ts) ppm. FTIR v̅ max (cm-1): 3378, 2921, 2853, 1554, 1357, 1167,
1008, 798, 751, 728, 661, 588, 546, 533. HRMS-ESI (m/z): [M + H]+ calcd for C24H21ClN3O4S,
482.0941; found, 482.0953.
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9-10b-Dinitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoline
(149ar/149ar′)

Prepared via General Procedure H using vinyl benzoxazinanone 147a (10.0 mg, 0.06 mmol),
indole 148r (17.2 mg, 0.05 mmol), Pd2(dba)3•CHCl3 (3.7 mg, 7.5 mol%) and 1,10-phenanthroline
(1.3 mg, 15 mol%) in THF (0.48 mL) with a 24 h reaction time. Purification by FCC (10–20%
EtOAc/n-hexanes) gave 149ar/149ar′ as an inseparable mixture of diastereomers. White solid
(13.2 mg, 56% yield, dr 91:9 trans:cis). 1H NMR (400 MHz, CDCl3): δ 8.36 (d, J = 2.3 Hz,
1H, ArH), 8.19 (dd, J = 9.1, 2.4 Hz, 1H, ArH), 7.62 (d, J = 8.3 Hz, 2H, 2 × ArH Ts), 7.57
(d, J = 9.1 Hz, 1H, ArH), 7.27–7.25 (m, 2H, 2 × ArH Ts), 7.17 (app. t, J = 7.6 Hz, 1H, ArH), 6.97
(d, J = 7.6 Hz, 1H, ArH), 6.90–6.84 (m, 2H, 2 × ArH), 6.31–6.22 (m, 2H, –CH=CH2 and
TsN–CH), 5.57 (d, J = 10.1 Hz, 1H, –CH=CH2), 5.45 (d, J = 16.9 Hz, 1H, –CH=CH2), 5.27
(d, J = 2.5 Hz, 1H, NH), 4.38 (d, J = 10.2 Hz, 1H, CH–CH=CH2), 2.38 (s, 3H, CH3 Ts) ppm.
C NMR (101 MHz, CDCl3): δ 148.0 (ArC–NO2), 146.3 (ArC Ts), 144.0 (ArC), 140.9 (ArC),
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133.4 (ArC Ts), 130.6 (ArCH Ts), 129.3 (–CH=CH2), 129.2 (ArCH), 127.9 (ArCH), 127.0 (ArCH
Ts), 126.1 (ArCH), 125.0 (ArCH), 124.5 (–CH=CH2), 124.3 (ArC), 123.9 (ArC), 122.4 (ArCH)
117.1 (ArCH), 114.0 (ArCH), 100.1 (C–NO2), 81.2 (TsN–CH), 49.9 (CH–CH=CH2), 21.8
(CH3 Ts) ppm. FTIR v̅ max (cm-1): 3379, 2919, 2850, 1596, 1556, 1518, 1340, 1086, 996, 955,
905, 728, 660, 580. HRMS-ESI (m/z): [M − H]− calcd for C24H19N4O6S, 491.10198; found,
491.10335.

207

9-Methyl-10b-nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoline
(149as/149as′)

Prepared via General Procedure H using vinyl benzoxazinanone 147a (13.3 mg, 0.08 mmol),
indole 148as (12.5 mg, 0.04 mmol), Pd2(dba)3•CHCl3 (3.0 mg, 7.5 mol%) and 1,10phenanthroline (1.0 mg, 15 mol%) in THF (0.38 mL) with a 24 h reaction time. Purification by
FCC (10–20% EtOAc/n-hexanes) gave 149as/149asi′ as an inseparable mixture of diastereomers.
White solid (13.9 mg, 80% yield, dr 93:7 trans:cis). 1H NMR (400 MHz, CDCl3): δ 7.57 (d, J =
8.4 Hz, 2H, 2 × ArH Ts), 7.40 (d, J = 8.4 Hz, 1H, ArH), 7.24 (s, 1H, ArH), 7.19 (d, J = 8.1 Hz,
2H, 2 × ArH Ts), 7.13 (app. t, J = 1.0 Hz, 1H, ArH), 7.09 (d, J = 7.6 Hz, 1H, ArH), 6.95
(d, J = 7.5 Hz, 1H, ArH), 6.86 (dd, J = 7.8, 1.2 Hz, 1H, ArH), 6.81 (td, J = 7.5, 1.2 Hz, 1H, ArH),
6.24 (dt, J = 17.0, 10.0 Hz, 1H, –CH=CH2), 6.11 (d, J = 2.5 Hz, 1H, TsN–CH), 5.40
(dd, J = 10.1, 1.4 Hz, 1H, –CH=CH2), 5.32 (d, J = 17.0, 1H, –CH=CH2), 5.13 (d, J = 2.6 Hz,
1H, NH), 4.33 (d, J = 9.8 Hz, 1H, CH–CH=CH2), 2.35 (s, 3H, CH3 Ts), 2.28 (s, 3H, CH3) ppm.
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C NMR (101 MHz, CDCl3): δ 145.2 (ArC), 141.5 (ArC), 140.8 (ArC), 134.1 (ArC), 133.5

(ArC), 132.7 (ArCH), 130.8 (–CH=CH2), 130.1 (ArCH Ts), 128.74 (ArCH), 128.67 (ArCH),
127.2 (ArCH Ts), 126.2 (ArCH), 124.4 (ArC), 123.9 (ArC), 122.6 (–CH=CH2), 121.6 (ArCH),
116.7 (ArCH), 114.7 (ArCH), 101.3 (C–NO2), 80.0 (TsN–CH), 50.2 (CH–CH=CH2), 21.7
(CH3 Ts), 21.2 (CH3) ppm. FTIR v̅ max (cm-1): 3377, 1552, 1482, 1354, 1167, 1008, 967, 951, 810,
755, 732, 704, 660, 600, 579, 549, 528. HRMS-ESI (m/z): [M + H]+ calcd for C25H24N3O4S,
462.14820; found, 462.14663.
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8-Chloro-10b-nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoline
(149at/149at′)

Prepared via General Procedure H using vinyl benzoxazinanone 147a (10.0 mg, 0.06 mmol),
indole 148t (16.7 mg, 0.05 mmol), Pd2(dba)3•CHCl3 (3.7 mg, 7.5 mol%) and 1,10-phenanthroline
(1.3 mg, 15 mol%) in THF (0.48 mL) with a 1 h reaction time. Purification by FCC (10–20%
EtOAc/n-hexanes) gave 149at/149at′ as an inseparable mixture of diastereomers. White solid
(19.2 mg, 84% yield, dr 94:6 trans:cis). 1H NMR (400 MHz, CDCl3): δ 7.60 (d, J = 8.4 Hz, 2H,
2 × ArH Ts), 7.52 (d, J = 1.9 Hz, 1H, ArH), 7.40 (d, J = 8.4 Hz, 1H, ArH), 7.24 (d, J = 8.0 Hz, 2H,
2 × ArH Ts), 7.16 (app. t, J = 7.7 Hz, 1H, ArH), 7.00 (dd, J = 8.3, 1.9 Hz, 1H, ArH), 6.94
(d, J = 7.4 Hz, 1H, ArH), 6.87 (dd, J = 7.9, 1.1 Hz, 1H, ArH), 6.84 (td, J = 7.5, 1.2 Hz, 1H, ArH),
6.21 (dt, J = 16.9, 10.1 Hz, 1H, –CH=CH2), 6.12 (d, J = 2.5 Hz, 1H, TsN–CH), 5.45 (dd, J = 10.2,
1.3 Hz, 1H, –CH=CH2), 5.36 (dd. J = 16.9, 0.9 Hz, 1H, –CH=CH2), 5.17 (d, J = 2.4 Hz, 1H, NH),
4.32 (d, J = 9.9 Hz, 1H, CH–CH=CH2), 2.37 (s, 3H, CH3 Ts) ppm. 13C NMR (101 MHz, CDCl3):
δ 145.7 (ArC Ts), 144.1 (ArC), 141.2 (ArC), 138.1 (ArC–Cl), 133.5 (ArC Ts), 130.4 (ArCH Ts),
130.2 (–CH=CH2), 129.5 (ArCH), 128.9 (ArCH), 127.1 (ArCH Ts), 126.0 (ArCH), 124.5 (ArCH),
124.2 (ArC), 123.4 (–CH=CH2), 122.1 (ArC), 121.9 (ArCH), 116.9 (ArCH), 115.0 (ArCH), 100.7
(C–NO2), 80.5 (TsN–CH), 50.1 (CH–CH=CH2), 21.8 (CH3 Ts) ppm. FTIR v̅ max (cm-1): 3358,
1597, 1549, 1478, 1422, 1354, 1167, 1081, 995, 964, 934, 794, 771, 751, 665, 587, 573, 537, 442.
HRMS-ESI (m/z): [M + H]+ calcd for C24H21ClN3O4S, 482.09358; found, 482.09333. A crystal
structure for this compound was obtained (CCDC 1960944).
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Methyl 10b-nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoline-10carboxylate (149ab/149ab′)

Prepared via General Procedure H using vinyl benzoxazinanone 147a (10.0 mg, 0.06 mmol),
indole 148b (17.9 mg, 0.05 mmol), Pd2(dba)3•CHCl3 (3.7 mg, 7.5 mol%) and 1,10-phenanthroline
(1.3 mg, 15 mol%) in THF (0.48 mL) with a 24 h reaction time. Purification by FCC (10–20%
EtOAc/n-hexanes) gave 149ab/149ab′ as an inseparable mixture of diastereomers. White solid
(19.7 mg, 81% yield, dr 72:28 trans:cis). 1H NMR (500 MHz, CDCl3): δ 8.03 (dd, J = 8.2, 1.1
Hz, 1H, ArH cis), 7.71 (dd, J = 7.8, 1.1 Hz, 1H, ArH cis), 7.68–7.62 (m, 5H, ArH trans, 2 × ArH
Ts trans and 2 × AH Ts cis), 7.51 (app. t, J = 8.0 Hz, 1H, ArH cis), 7.29 (app. t, J = 8.0 Hz, 1H,
ArH trans), 7.27– 7.16 (m, 7H, ArH trans, 2 × ArH Ts trans, 2 × ArH cis, 2 × ArH Ts cis),
7.11–7.06 (m, 2H, 2 × ArH trans), 6.96 (app. t, J = 7.5 Hz, 1H, ArH cis), 6.85 (d, J = 7.8 Hz, 1H,
ArH cis), 6.80– 6.77 (m, 2H, 2 × ArH trans), 6.46 (d, J = 1.8 Hz, 1 H, TsN–CH trans), 6.27–6.19
(m, 1H, –CH=CH2 trans), 5.52 (dt, J = 16.9, 9.9 Hz, 1H, –CH=CH2 cis), 5.46 (d, J = 3.1 Hz, 1H,
TsN–CH cis), 5.38 (d, J = 8.9 Hz, 1H, CH–CH=CH2 trans), 5.19 (dd, J = 17.0, 1.4 Hz, 1H,
–CH=CH2 trans), 5.09 (dd, J = 10.0, 1.5 Hz, 1H, –CH=CH2 trans), 4.98 (d, J = 1.9 Hz, 1H,
NH trans), 4.89 (d, J = 3.2 Hz, 1H, NH cis), 4.85–4.82 (m, 2H, CH–CH=CH2 cis and
–CH=CH2 cis), 4.66 (dd, J = 10.0, 1.5 Hz, 1H, –CH=CH2 cis), 3.98 (s, 3H, CO2CH3 trans), 3.85
(s, 3H, CO2CH3 cis), 2.36 (s, 3H, CH3 Ts trans), 2.35 (s, 3H, CH3 Ts cis) ppm.
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(126 MHz, CDCl3): δ 167.8 (CO trans), 165.8 (CO cis), 145.6 (ArC cis), 145.5 (ArC trans), 144.7
(ArC cis), 143.7 (ArC trans), 140.7 (ArC trans), 139.8 (ArC cis), 134.9 (–CH=CH2 cis), 134.0
(ArC trans), 133.8 (–CH=CH2 trans), 133.2 (ArC cis), 132.8 (ArC trans), 131.9 (ArCH cis), 131.8
(ArCH trans), 130.22 (ArCH Ts trans), 130.16 (ArCH Ts cis), 129.1 (ArC cis), 128.8
(ArCH trans), 128.7 (ArCH trans), 128.6 (ArCH cis), 128.4 (ArCH cis), 127.9 (ArC cis), 127.6
(ArCH Ts cis), 127.3 (ArCH Ts trans), 127.1 (ArC cis), 126.8 (ArCH cis), 125.8 (ArCH trans),
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124.1 (ArC trans), 123.1 (ArC trans), 122.3 (ArCH cis), 121.9 (ArCH trans), 119.7 (–CH=CH2
trans), 119.6 (ArCH cis), 116.9 (–CH=CH2 cis), 116.7 (ArCH trans), 116.44 (ArCH trans),
116.38 (ArCH cis), 101.2 (C–NO2 trans), 99.6 (C–NO2 cis), 80.9 (TsN–CH cis), 77.2 (TsN–CH
trans), 53.0 (CO2CH3 trans), 52.6 (CO2CH3 cis), 50.6 (CH–CH=CH2 trans), 47.9 (CH–CH=CH2
cis), 21.80 (CH3 Ts cis), 21.76 (CH3 Ts trans) ppm. FTIR v̅ max (cm-1): 3367, 1554, 1352, 1277,
1165, 1086, 1043, 990, 814, 753, 659, 575, 540, 467. HRMS-ESI (m/z): [M + H]+ calcd for
C26H24N3O6S, 506.13683; found, 506.13688.
7-Chloro-10b-nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoline (149af)

Prepared via General Procedure H using vinyl benzoxazinanone 147a (16.7 mg, 0.10 mmol),
indole 148f (16.8 mg, 0.05 mmol), Pd2(dba)3•CHCl3 (3.7 mg, 7.5 mol%) and 1,10-phenanthroline
(1.3 mg, 15 mol%) in THF (0.48 mL) with a 24 h reaction time. Purification by FCC (10–20%
EtOAc/n-hexanes) gave 149af as a white solid (18.4 mg, 80% yield, dr >98:2 trans:cis).
Mp 216–219 °C. 1H NMR (400 MHz, CDCl3): δ 7.46 (d, J = 8.4 Hz, 2H, 2 × ArH Ts), 7.40
(dd, J = 7.8, 1.2 Hz, 1H, ArH), 7.29 (dd, J = 8.0, 1.2 Hz, 1H, ArH), 7.19 (d, J = 7.9 Hz, 2H,
2 × ArH Ts), 7.10 (app. t, J = 7.8 Hz, 1H, ArH), 7.04 (app. t, J = 7.9 Hz, 1H, ArH), 6.85
(d, J = 7.5 Hz, 1H, ArH), 6.80 (dd, J = 7.9, 1.1 Hz, 1H, ArH), 6.75 (td, J = 7.5, 1.2 Hz, 1H, ArH),
6.51 (d, J = 2.4 Hz, 1H, TsN–CH), 6.18 (dt, J = 16.9, 10.1 Hz, 1H, –CH=CH2), 5.39 (dd, J = 10.2,
1.3 Hz, 1H, –CH=CH2), 5.31 (d, J = 17.0 Hz, 1H, –CH=CH2), 4.84 (d, J = 2.3 Hz, 1H, NH), 4.27
(d, J = 9.9 Hz, 1 H, CH–CH=CH2), 2.41 (s, 3H, CH3 Ts) ppm. 13C NMR (101 MHz, CDCl3):
δ 145.3 (ArC Ts), 141.0 (ArC), 140.6 (ArC), 134.5 (ArC Ts), 133.8 (ArCH), 130.0 (ArCH Ts),
129.9 (–CH=CH2), 129.7 (ArC), 128.9 (ArCH), 127.5 (ArCH Ts), 126.7 (ArCH), 126.5 (ArCH),
125.8 (ArCH), 124.5 (ArC), 123.4 (ArC), 123.3 (–CH=CH2), 121.4 (ArCH), 116.1 (ArCH), 99.6
(C–NO2), 80.9 (TsN–CH), 51.0 (CH–CH=CH2), 21.8 (CH3 Ts) ppm. FTIR v̅ max (cm-1): 3381,
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1728, 1434, 1363, 1172, 1089, 1063, 919, 771, 737, 708, 683, 660, 572, 524, 425. HRMS-ESI
(m/z): [M + H]+ calcd for C24H21ClN3O4S, 482.09358; found, 482.09334. A crystal structure for
this compound was obtained (CCDC 1960945).
7-Chloro-1-fluoro-10b-nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3b]quinoline (149bf/149bf′)

Prepared via General Procedure H using vinyl benzoxazinanone 147b (10.0 mg, 0.05 mmol),
indole 148f (14.8 mg, 0.04 mmol), Pd2(dba)3•CHCl3 (3.3 mg, 7.5 mol%) and 1,10-phenanthroline
(1.2 mg, 15 mol%) in THF (0.43 mL) with a 24 h reaction time. Purification by FCC (10–20%
EtOAc/n-hexanes) gave 1149bf/149bf′ as an inseparable mixture of diastereomers. White solid
(16.8 mg, 80% yield, dr 94:6 trans:cis). 1H NMR (500 MHz, CDCl3): δ 7.79 (d, J = 8.1 Hz, 2H,
2 × ArH Ts), 7.58 (dd, J = 7.6, 1.2 Hz, 1H, ArH), 7.33 (dd, J = 8.1, 1.1 Hz, 1H, ArH), 7.28
(d, J = 8.2 Hz, 2H, 2 × ArH Ts), 7.15–7.10 (m, 2H, 2 × AH), 6.95 (d, J = 3.9 Hz, 1H, TsN–CH),
6.61 (dd, J = 8.0 Hz, 1H, ArH), 6.57 (app. t, J = 8.7 Hz, 1H, ArH), 5.52 (dt, J = 17.4, 9.3 Hz, 1H,
–CH=CH2), 5.41 (d, J = 3.5 Hz, 1H, NH), 4.93 (d, J = 16.9 Hz, 1H, –CH=CH2), 4.88
(d, J = 10.0 Hz, 1H, –CH=CH2), 4.75 (d, J = 8.6 Hz, 1H, CH–CH=CH2), 2.43 (s, 3H, CH3 Ts)
ppm. 13C NMR (101 MHz, CDCl3): δ 160.3 (d, 1JCF = 246.5 Hz, ArC–F), 144.7 (ArC Ts), 142.1
(d, 3JCF = 6.8 Hz, ArC), 139.4 (ArC), 137.0 (ArC Ts), 134.2 (ArCH), 130.5 (–CH=CH2), 129.9
(d, 3JCF = 8.6 Hz, ArCH), 129.8 (ArCH Ts), 129.2 (ArC), 127.5 (ArCH Ts), 126.1 (ArCH), 124.3
(ArCH), 121.8 (ArC), 120.2 (–CH=CH2), 111.2 (d, 4JCF = 3.1 Hz, ArCH), 108.7 (d, 2JCF = 19.7 Hz,
ArC), 107.5 (d, 2JCF = 21.6 Hz, ArCH), 95.0 (C–NO2), 77.3 (TsN–CH), 46.1 (d, J = 2.4 Hz,
CH–CH=CH2), 21.8 (CH3 Ts) ppm. 19F NMR (470 MHz, CDCl3): δ −122.03 (t, J = 7.8 Hz) ppm.
FTIR v̅ max (cm-1): 3381, 1619, 1564, 1500, 1286, 1174, 909, 782, 768, 676, 570, 417. HRMS-ESI
(m/z): [M + H]+ calcd for C24H20ClFN3O4S, 500.0847; found, 500.0938.
212

3,7-Dichloro-10b-nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoline
(149ef)

Prepared via General Procedure H using vinyl benzoxazinanone 147e (10.2 mg, 0.05 mmol),
indole 148f (13.7 mg, 0.04 mmol), Pd2(dba)3•CHCl3 (3.2 mg, 7.5 mol%) and 1,10-phenanthroline
(1.1 mg, 15 mol%) in THF (0.39 mL) with a 1 h reaction time. Purification by FCC (10–20%
EtOAc/n-hexanes) gave 149ef as a white solid (19.0 mg, 94% yield, dr >98:2 trans:cis).
Mp 198–200 °C. 1H NMR (400 MHz, CDCl3): δ 7.47 (d, J = 8.2 Hz, 2H, 2 × ArH Ts), 7.39
(d, J = 7.8 Hz, 1H, ArH), 7.33 (dd, J = 8.0, 1.2 Hz, 1H, ArH), 7.20 (d, J = 8.1 Hz, 2H, 2 × ArH
Ts), 7.06 (app. t, J = 7.9 Hz, 1H, ArH), 6.80–6.71 (m, 3H, 3 × ArH), 6.51 (d, J = 2.3 Hz, 1H,
TsN–CH), 6.12 (dt, J = 16.9, 10.0 Hz, 1H, –CH=CH2), 5.40 (dd, J = 10.2, 1.2 Hz, 1H, –CH=CH2),
5.31 (d, J = 16.9 Hz, 1H, –CH=CH2), 4.88 (d, J = 2.7 Hz, 1H, NH), 4.22 (d, J = 9.9 Hz, 1H,
CH–CH=CH2), 2.41 (s, 3H, CH3 Ts) ppm. 13C NMR (126 MHz, CDCl3): δ 145.4 (ArC), 142.1
(ArC), 140.5 (ArC), 134.49 (ArC), 134.46 (ArC), 134.1 (ArCH), 130.0 (ArCH Ts), 129.4
(–CH=CH2), 129.3 (ArC), 127.5 (ArCH Ts), 127.0 (ArCH), 126.7 (2 × overlapping ArCH), 124.6
(ArC), 123.8 (–CH=CH2), 121.6 (ArC), 121.3 (ArCH), 116.0 (ArCH), 99.1 (C–NO2), 80.4
(NTs–CH), 50.5 (CH–CH=CH2), 21.8 (CH3 Ts) ppm. FTIR v̅ max (cm-1): 3387, 1549, 1360, 1170,
1148, 1086, 941, 910, 814, 773, 729, 706, 671, 646, 576, 533, 523. HRMS-ESI (m/z): [M + H]+
calcd for C24H20Cl2N3O4S, 516.05461; found, 516.05465.
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7-Chloro-4-methyl-10b-nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3b]quinoline (149ff)

Prepared via General Procedure H using vinyl benzoxazinanone 147f (10.0 mg, 0.05 mmol),
indole 148f (15.4 mg, 0.04 mmol), Pd2(dba)3•CHCl3 (3.4 mg, 7.5 mol%) and 1,10-phenanthroline
(1.2 mg, 15 mol%) in THF (0.44 mL) with a 24 h reaction time. Purification by FCC (10–20%
EtOAc/n-hexanes) gave 149ff as a white solid (12.8 mg, 59% yield, dr >98:2 trans:cis).
Mp 219–222 °C. 1H NMR (500 MHz, CDCl3): δ 7.42 (d, J = 8.4 Hz, 2H, 2 × ArH Ts), 7.38
(dd, J = 7.8, 1.2 Hz, 1H, ArH), 7.28–7.26 (m, 1H, ArH), 7.18 (d, J = 8.0 Hz, 2H, 2 × ArH Ts),
7.03 (app. t, J = 7.9 Hz, 1H, ArH), 6.98 (d, J = 7.3 Hz, 1H, ArH), 6.70 (d, J = 7.5 Hz, 1H, ArH),
6.65 (app. t, J = 7.5 Hz, 1H, ArH), 6.51 (d, J = 2.4 Hz, 1H, TsN–CH), 6.19 (dt, J = 16.9, 10.1 Hz,
1H, –CH=CH2), 5.39 (dd, J = 10.2, 1.3 Hz, 1H, –CH=CH2), 5.32 (d, J = 16.8 Hz, 1H, –CH=CH2),
4.87 (d, J = 2.5 Hz, 1H, NH), 4.26 (d, J = 10.0 Hz, 1H, CH–CH=CH2), 2.40 (s, 3H, CH3 Ts), 2.26
(s, 3H, CH3) ppm. 13C NMR (126 MHz, CDCl3): δ (one ArC ‘missing’ due to overlap) 145.3
(ArC), 140.6 (ArC), 139.3 (ArC), 134.3 (ArC), 133.7 (ArCH), 130.05–130.02 (overlapping ArCH
and CH=CH2), 129.98 (ArCH Ts), 129.7 (ArC), 127.5 (ArCH Ts), 126.8 (ArCH), 126.4 (ArCH),
124.5 (ArC), 124.0 (ArC), 123.4 (ArCH), 123.3 (–CH=CH2), 121.0 (ArCH) 99.9 (C–NO2), 81.3
(TsN–CH), 51.1 (CH–CH=CH2), 21.8 (CH3 Ts), 16.7 (CH3) ppm. FTIR v̅ max (cm-1): 3397, 3352,
2926, 2852, 1551, 1477, 1464, 1339, 1150, 999, 970, 942, 747, 670, 627, 538, 508, 460.
HRMS-ESI (m/z): [M + H]+ calcd for C25H23ClN3O4S, 496.10923; found, 496.10931.
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7-Chloro-3,4-dimethyl-10b-nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3b]quinoline (149fg)

Prepared via General Procedure H using vinyl benzoxazinanone 147g (10.0 mg, 0.05 mmol),
indole 148f (14.3 mg, 0.04 mmol), Pd2(dba)3•CHCl3 (3.2 mg, 7.5 mol%) and 1,10-phenanthroline
(1.1 mg, 15 mol%) in THF (0.41 mL) with a 24 h reaction time. Purification by FCC (10–20%
EtOAc/n-hexanes) gave 149fg as a beige solid (10.1 mg, 49% yield, dr >98:2 trans:cis).
Mp 227–228 °C. 1H NMR (400 MHz, CDCl3): δ 7.42 (d, J = 8.4 Hz, 2H, 2 × ArH Ts), 7.38
(dd, J = 7.8, 1.2 Hz, 1H, ArH), 7.28–7.26 (m, 1H, ArH), 7.17 (d, J = 8.2 Hz, 2H, 2 × ArH Ts),
7.02 (app. t, J = 7.9 Hz, 1H, ArH), 6.60–6.55 (m, 2H, 2 × ArH), 6.51 (d, J = 2.5 Hz, 1H, TsN–H),
6.18 (dt, J = 16.9, 10.2 Hz, 1H, –CH=CH2), 5.38 (dd, J = 10.2, 1.4 Hz, 1H, –CH=CH2), 5.31
(d, J = 16.9 Hz, 1H, –CH=CH2), 4.96 (d, J = 2.6 Hz, 1H, NH), 4.23 (d, J = 10.0 Hz, 1H,
CH–CH=CH2), 2.40 (s, 3H, CH3 Ts), 2.21 (s, 3H, CH3), 2.16 (s, 3H, CH3) ppm.
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(126 MHz, CDCl3): δ 145.3 (ArC Ts), 140.5 (ArC), 139.0 (ArC), 137.0 (ArC), 134.2 (ArC), 133.7
(ArCH), 130.1 (–CH=CH2), 129.9 (ArCH Ts), 129.6 (ArC), 127.5 (ArCH Ts), 126.9 (ArCH),
126.4 (ArCH), 124.3 (ArC), 123.2 (–CH=CH2), 122.7 (ArCH), 122.61 (ArC), 122.57 (ArCH),
121.3 (ArC), 100.0 (C–NO2), 81.4 (TsN–CH), 51.1 (CH–CH=CH2), 21.8 (CH3 Ts), 20.6 (CH3),
12.6 (CH3) ppm. FTIR v̅ max (cm-1): 3418, 1553, 1364, 1170, 943, 706, 672, 577, 536. HRMS-ESI
(m/z): [M + H]+ calcd for C26H25ClN3O4S, 510.12488; found, 510.12469.
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Synthesis of 8-Chloro-6-tosyl-11-vinyl-5,5a,6,11-tetrahydro-10bH-indolo[2,3-b]quinolin-10bamine (136)

To a solution of cycloadduct 149at (28.0 mg, 0.06 mmol, 1.00 equiv) and TMSCl (0.16 mL,
1.24 mmol, 20.00 equiv) in MeOH (2.00 mL) at 0 °C was added zinc powder (88.30 mg,
1.35 mmol, 21.00 equiv) portion wise. The solution was left to stir at 0 °C for 30 min, before the
suspension was filtered and washed with MeOH (3 ×) and CH2Cl2 (3 ×). The filtrate was then
washed with saturated aqueous NaHCO3 and the aqueous layer extracted with CH2Cl2 (3 ×).
The combined organic layers were dried over Na2SO4, filtered and the filtrate evaporated under
reduced pressure. The crude product was purified via trituration with Et2O to give the amine 163
as a white solid in 58% yield (15.3 mg, dr >98:2 trans:cis).
Mp 188–190 °C. 1H NMR (400 MHz, CDCl3): δ 7.69 (d, J = 8.3 Hz, 2H, 2 × ArH Ts), 7.38
(d, J = 1.9 Hz, 1H, ArH), 7.26 (d, J = 8.2 Hz, 2H, 2 × ArH Ts), 7.11 (app. t, J = 7.6 Hz, 1H, ArH),
7.07 (d, J = 8.1 Hz, 1H, ArH), 6.95–6.88 (m, 2H, 2 × ArH), 6.88–6.75 (m, 2H, 2 × ArH), 6.09
(dt, J = 16.9, 10.0 Hz, 1H, –CH=CH2), 5.34 (dd, J = 10.1, 1.8 Hz, 1H, –CH=CH2), 5.31–5.26
(m, 2H, –CH=CH2 and TsN–CH), 5.17 (d, J = 2.9 Hz, 1H, NH), 3.44 (d, J = 9.8 Hz, 1H,
CH–CH=CH2), 2.38 (s, 3H, CH3 Ts) ppm. 13C NMR (101 MHz, CDCl3): δ 144.9 (ArC Ts), 142.4
(ArC), 141.6 (ArC), 135.0 (ArC), 134.4 (ArC Ts), 133.5 (–CH=CH2), 132.3 (ArC), 130.1
(ArCH Ts), 128.1 (ArCH), 127.4 (ArCH Ts), 126.4 (ArCH), 126.2 (ArC), 125.9 (ArCH), 123.9
(ArCH), 121.1 (–CH=CH2), 120.9 (ArCH), 116.3 (ArCH), 114.4 (ArCH), 85.6 (TsN–CH), 66.1
(C–NH2), 52.3 (CH–CH=CH2), 21.7 (CH3 Ts) ppm. FTIR v̅ max (cm-1): 3373, 1477, 1347, 1164,
961, 931, 817, 759, 662, 578, 544, 537. HRMS-ESI (m/z): [M + H – NH3]+ calcd for
C24H20ClN2O2S, 435.0934; found, 435.0961.

216

5.6. Synthesis of Dihydroquinolines

General Procedure I: Nickel-Catalysed Reaction of Allenyl Benzoxazinanones (348a–g) with
Boronic Acids

An oven-dried 2 mL screw-cap vial was charged in air with allenyl benzoxazinanone 348a−k
(1.0 equiv.), NiCl2•6H2O (10 mol%), 2,2′-bipyridine (10 mol%) and 4-methoxyphenylboronic
acid (2.5 equiv.). The vial was fitted with a teflon cap and evacuated and backfilled with nitrogen
gas (3 ×) via a needle connected to a Schlenk line. Anhydrous MeCN (0.1 M) was then added,
and the teflon cap was quickly replaced with a plastic screw-cap. The vial was then heated at
100 °C for 24 hours, before it was filtered through a plug of neutral alumina using an EtOAc
eluent. The filtrate was evaporated under reduced pressure to give the crude product, which was
purified by FCC to give dihydroquinoline (368aa−i).
2-(4-Methoxyphenyl)-2-methyl-1,2-dihydroquinoline (368aa)

Prepared via General Procedure I using allenyl benzoxazinanone 348a (9.80 mg, 0.05 mmol),
NiCl2•6H2O

(1.30

mg,

10

mol%),

2,2′-bipyridine

(0.90

mg,

10

mol%)

and

4-methoxyphenylboronic acid (20.40 mg, 0.13 mmol) in MeCN (0.53 mL) with a 24 h reaction
time. Purification by FCC (10% EtOAc/n-hexanes) gave 368aa as a brown residue (9.2 mg,
70% yield – 61% average across four reactions). 1H NMR (400 MHz, CDCl3): δ 7.44
(d, J = 8.8 Hz, 2H, 2 × ArH of p-C6H4OMe), 6.98 (td, J = 7.6, 1.5 Hz, 1H, ArH), 6.90
(dd, J = 7.4, 1.5 Hz, 1H, ArH), 6.86 (d, J = 8.9 Hz, 2H, 2 × ArH of p-C6H4OMe), 6.58
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(td, J = 7.4, 1.1 Hz, 1H, ArH), 6.42 (d, J = 7.9 Hz, 1H, ArH), 6.32 (d, J = 9.7 Hz, 1H,
N–C–CH=CH), 5.55 (d, J = 9.7 Hz, 1H, N–C–CH=CH), 3.99 (br s, 1H, NH), 3.78 (s, 3H, OCH3),
1.70 (s, 3H, CH3) ppm. 13C NMR (101 MHz, CDCl3): δ 158.6 (ArC–OCH3), 142.7 (ArC), 141.6
(ArC of p-C6H4OMe), 130.2 (N–C–CH=CH), 129.0 (ArCH), 127.0 (ArCH), 126.8 (ArCH of
p-C6H4OMe), 123.2 (N–C–CH=CH), 119.2 (ArC), 117.2 (ArCH), 113.8 (ArCH of p-C6H4OMe),
112.5 (ArCH), 57.0 (N–C–CH=CH), 55.4 (OCH3), 30.2 (CH3) ppm. FTIR v̅ max (cm-1): 3390,
3032, 2926, 2835, 1604, 1508, 1473, 1247, 1178, 1031, 829, 744. HRMS-ESI (m/z): [M + H]+
calcd for C17H18NO, 252.1388; found, 252.1390.
5-Fluoro-2-(4-methoxyphenyl)-2-methyl-1,2-dihydroquinoline (368ab)

Prepared via General Procedure I using allenyl benzoxazinanone 348a (20.11 mg, 0.10 mmol),
NiCl2•6H2O

(2.30

mg,

10

mol%),

2,2′-bipyridine

(1.59

mg,

10

mol%)

and

4-methoxyphenylboronic acid (37.43 mg, 0.25 mmol) in MeCN (0.97 mL) with a 24 h reaction
time. The reaction was then re-subjected using NiCl2•6H2O (2.33 mg, 10 mol%), 2,2′-bipyridine
(1.57 mg, 10 mol%) and 4-methoxyphenylboronic acid (36.98 mg, 0.25 mmol) in MeCN
(0.97 mL) for an additional 24 h. Purification by FCC (5–10% EtOAc/n-hexanes) gave 368ab as
a brown residue (18.83 mg, 71% yield). 1H NMR (400 MHz, CDCl3): δ 7.42 (d, J = 8.9 Hz, 2H,
2 × ArH of p-C6H4OMe), 6.92–6.85 (m, 3H, ArH and 2 × ArH of p-C6H4OMe), 6.58 (dd, J = 9.9,
0.8 Hz, 1H, N–C–CH=CH), 6.28 (ddd, J = 9.4, 8.3, 1.0 Hz, 1H, ArH), 6.19 (d, J = 8.0 Hz, 1H,
ArH), 5.58 (dd, J = 9.9, 1.6 Hz, 1H, N–C–CH=CH), 4.10 (br s, 1H, NH), 3.79 (s, 3H, OCH3),
1.70 (s, 3H, CH3) ppm. 13C NMR (101 MHz, CDCl3): δ 159.5 (d, 1JCF = 246.4 Hz, ArC–F), 158.7
(ArC–OCH3), 144.1 (d, 3JCF = 7.4 Hz, ArC), 141.1 (ArC of p-C6H4OMe), 130.1 (d, 4JCF = 2.1 Hz,
N–C–CH=CH), 129.3 (d, 3JCF = 10.6 Hz, ArCH), 126.8 (ArCH of p-C6H4OMe), 115.5 (d,
3

JCF = 5.4 Hz, N–C–CH=CH), 113.9 (ArCH of p-C6H4OMe), 108.2 (d, 4JCF = 2.8 Hz, ArCH),
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107.3 (d, 2JCF = 18.7 Hz, ArC), 103.6 (d, 2JCF = 21.8 Hz, ArCH), 56.9 (N–C–CH=CH), 55.4
(OCH3), 30.1 (CH3) ppm. 19F NMR (470 MHz, CDCl3): δ −124.07 (dd, J = 9.5, 6.4 Hz) ppm.
FTIR v̅ max (cm-1): 3439, 2956, 2927, 1645, 1615, 1511, 1253, 1091, 1035, 834, 751, 604, 556,
471. HRMS-ESI (m/z): [M + H]+ calcd for C17H17FNO, 270.1294; found, 270.1303.
6-Methoxy-2-(4-methoxyphenyl)-2-methyl-1,2-dihydroquinoline (368ac)

Prepared via General Procedure I using allenyl benzoxazinanone 348a (19.10 mg, 0.09 mmol),
NiCl2•6H2O

(2.21

mg,

10

mol%),

2,2′-bipyridine

(1.42

mg,

10

mol%)

and

4-methoxyphenylboronic acid (34.98 mg, 0.23 mmol) in MeCN (0.92 mL) with a 24 h reaction
time. Purification by FCC (10–20% EtOAc/n-hexanes) gave 368ac as a brown residue (9.84 mg,
38% yield). 1H NMR (400 MHz, CDCl3): δ 7.43 (d, J = 8.8 Hz, 2H, 2 × ArH of p-C6H4OMe),
6.85 (d, J = 8.8 Hz, 2H, 2 × ArH of p-C6H4OMe), 6.61 (dd, J = 8.5, 2.8 Hz, 1H, ArH), 6.53 (d, J
= 2.8 Hz, 1H, ArH), 6.39 (d, J = 8.5 Hz, 1H, ArH), 6.30 (d, J = 9.6 Hz, 1H, N–C–CH=CH), 5.64
(d, J = 9.7 Hz, 1H, N–C–CH=CH), 3.82 (br s, 1H, NH), 3.78 (s, 3H, OCH3 of p-C6H4OMe), 3.72
(s, 3H, OCH3), 1.67 (s, 3H, CH3) ppm. 13C NMR (101 MHz, CDCl3): δ 158.5 (ArC–OCH3 of pC6H4OMe), 152.0 (ArC–OCH3), 141.3 (ArC of p-C6H4OMe), 137.0 (ArC), 131.5 (N–C–
CH=CH), 126.7 (ArCH of p-C6H4OMe), 123.4 (N–C–CH=CH), 120.4 (ArC), 114.9 (ArCH),
113.8 (ArCH of p-C6H4OMe), 113.4 (ArCH), 112.4 (ArCH), 57.0 (N–C–CH=CH), 56.0 (OCH3),
55.4 (OCH3), 29.9 (CH3) ppm. FTIR v̅ max (cm-1): 2970, 2932, 1584, 1500, 1466, 1379, 1302,
1160, 1127, 1106, 1036, 950, 816. HRMS-ESI (m/z): [M + H]+ calcd for C18H20NO2, 282.1494;
found, 282.1488.
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6-Bromo-2-(4-methoxyphenyl)-2-methyl-1,2-dihydroquinoline (368ad)

Prepared via General Procedure I using allenyl benzoxazinanone 348a (20.07 mg, 0.08 mmol),
NiCl2•6H2O

(1.75

mg,

10

mol%),

2,2′-bipyridine

(1.16

mg,

10

mol%)

and

4-methoxyphenylboronic acid (28.72 mg, 0.19 mmol) in MeCN (0.75 mL) with a 24 h reaction
time. Purification by FCC (5–10% EtOAc/n-hexanes) gave 368ad as a brown residue
(12.91 mg, 52% yield). 1H NMR (400 MHz, CDCl3): δ 7.40 (d, J = 8.8 Hz, 2H, 2 × ArH of
p-C6H4OMe), 7.04 (dd, J = 8.3, 2.3 Hz, 1H, ArH), 7.00 (d, J = 2.3 Hz, 1H, ArH), 6.86
(d, J = 8.9 Hz, 2H, 2 × ArH of p-C6H4OMe), 6.29 (dd, J = 8.4, 0.7 Hz, 1H, ArH), 6.24 (d, J = 9.9
Hz, 1H, N–C–CH=CH), 5.58 (dd, J = 9.8, 1.7 Hz, 1H, N–C–CH=CH), 4.00 (br s, 1H, NH), 3.78
(s, 3H, OCH3), 1.69 (s, 3H, CH3) ppm. 13C NMR (101 MHz, CDCl3): δ 158.7 (ArC–OCH3), 141.6
(ArC), 141.0 (ArC of p-C6H4OMe), 131.3 (overlapping ArCH and N–C–CH=CH), 129.2 (ArCH),
126.7 (ArCH of p-C6H4OMe), 122.2 (N–C–CH=CH), 121.0 (ArC), 113.93 (ArCH), 113.87
(ArCH of p-C6H4OMe), 108.5 (ArC–Br), 57.2 (N–C–CH=CH), 55.4 (OCH3), 30.1 (CH3) ppm.
FTIR v̅ max (cm-1): 3412, 2958, 2929, 1509, 1482, 1452, 1308, 1247, 1177, 1026, 825, 804, 779,
406. HRMS-ESI (m/z): [M + H]+ calcd for C17H17BrNO, 330.0494; found, 330.0507.
7-Chloro-2-(4-methoxyphenyl)-2-methyl-1,2-dihydroquinoline (368ae)

Prepared via General Procedure I using allenyl benzoxazinanone 348a (20.04 mg, 0.09 mmol),
NiCl2•6H2O

(2.12

mg,

10

mol%),

2,2′-bipyridine

(1.47

mg,

10

mol%)

and

4-methoxyphenylboronic acid (34.61 mg, 0.23 mmol) in MeCN (0.90 mL) with a 24 h reaction
time. Purification by FCC (5–10% EtOAc/n-hexanes) gave 368ae as a brown residue
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(14.78 mg, 57% yield). 1H NMR (400 MHz, CDCl3): δ 7.40 (d, J = 8.8 Hz, 2H, 2 × ArH of
p-C6H4OMe), 6.86 (d, J = 8.9 Hz, 2H, 2 × ArH of p-C6H4OMe), 6.80 (d, J = 8.0 Hz, 1H, ArH),
6.53 (dd, J = 7.9, 2.0 Hz, 1H, ArH), 6.40 (dd, J = 1.9, 0.7 Hz, 1H, ArH), 6.27 (d, J = 10.4 Hz, 1H,
NH−C−CH=CH), 5.53 (d, J = 9.7 Hz, 1H, NH−C−CH=CH), 4.03 (br s, 1H, NH), 3.79
(s, 3H, OCH3), 1.69 (s, 3H, CH3) ppm. 13C NMR (101 MHz, CDCl3): δ 158.7 (ArC–OCH3), 143.6
(ArC), 141.1 (ArC of p-C6H4OMe), 134.1 (ArC−Cl), 130.2 (NH–C–CH=CH), 127.8 (ArCH),
126.7 (ArCH of p-C6H4OMe), 122.3 (NH–C–CH=CH), 117.7 (ArC), 117.1 (ArCH), 113.9
(ArCH of p-C6H4OMe), 112.1 (ArCH), 57.1 (NH–C–CH=CH), 55.4 (OCH3), 30.2 (CH3) ppm.
FTIR v̅ max (cm-1): 3419, 2923, 2836, 1597, 1509, 1489, 1247, 1178, 1082, 1031, 829, 804.
HRMS-ESI (m/z): [M + H]+ calcd for C17H17ClNO, 286.0999; found, 286.0989.
2-(4-Methoxyphenyl)-2,7,8-trimethyl-1,2-dihydroquinoline (368af)

Prepared via General Procedure I using allenyl benzoxazinanone 348a (19.94 mg, 0.09 mmol),
NiCl2•6H2O

(2.21

mg,

10

mol%),

2,2′-bipyridine

(1.42

mg,

10

mol%)

and

4-methoxyphenylboronic acid (35.63 mg, 0.23 mmol) in MeCN (0.93 mL) with a 24 h reaction
time. Purification by FCC (5–10% EtOAc/n-hexanes) gave 368af as a brown residue
(8.72 mg, 34% yield). 1H NMR (400 MHz, CDCl3): δ 7.42 (d, J = 8.9 Hz, 2H, 2 × ArH of
p-C6H4OMe), 6.85 (d, J = 8.9 Hz, 2H, 2 × ArH of p-C6H4OMe), 6.71 (d, J = 7.5 Hz, 1H, ArH),
6.45 (d, J = 7.5 Hz, 1H, ArH), 6.30 (d, J = 9.7 Hz, 1H, NH−C−CH=CH), 5.52 (dd, J = 9.7, 1.8 Hz,
1H, NH−C−CH=CH), 3.91 (br s, 1H, NH), 3.78 (s, 3H, OCH3), 2.24 (s, 3H, C7–CH3), 2.00
(s, 3H, C8–CH3), 1.70 (s, 2H, N−C−CH3) ppm.

C NMR (101 MHz, CDCl3): δ 158.5

13

(ArC−OCH3), 142.1 (ArC of p-C6H4OMe), 140.5 (ArC), 137.0 (ArC), 128.7 (NH–C–CH=CH),
126.7 (ArCH of p-C6H4OMe), 124.3 (ArCH), 123.6 (NH–C–CH=CH), 118.7 (ArCH), 117.6
(ArC), 116.9 (ArC), 113.8 (ArCH of p-C6H4OMe), 57.3 (NH–C–CH=CH), 55.4 (OCH3), 30.7
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(N−C−CH3), 20.9 (C7–CH3), 12.2 (C8–CH3) ppm. FTIR v̅ max (cm-1): 2816, 1605, 1510, 1444,
1386, 1369, 1256, 1203, 1172, 940, 833. HRMS-ESI (m/z): [M + H]+ calcd for C19H22NO,
280.1701; found, 280.1693.
2-(4-Methoxyphenyl)-2,8-dimethyl-1,2-dihydroquinoline (368ag)

Prepared via General Procedure I using allenyl benzoxazinanone 348g (20.10 mg, 0.10 mmol),
NiCl2•6H2O

(2.39

mg,

10

mol%),

2,2′-bipyridine

(1.60

mg,

10

mol%)

and

4-methoxyphenylboronic acid (37.74 mg, 0.23 mmol) in MeCN (0.99 mL) with a 24 h reaction
time. Purification by FCC (5–10% EtOAc/n-hexanes) gave 368ag as brown residue
(14.63 mg, 55% yield). 1H NMR (400 MHz, CDCl3): δ 7.43 (d, J = 8.9 Hz, 2H, 2 × ArH of
p-C6H4OMe), 6.91–6.89 (m, 1H, ArH), 6.86 (d, J = 8.9 Hz, 2H, 2 × ArH of p-C6H4OMe), 6.80
(dd, J = 7.5, 1.5 Hz, 1H, ArH), 6.52 (app. t, J = 7.4 Hz, 1H, ArH), 6.32 (d, J = 9.7 Hz, 1H,
N–C–CH=CH), 5.55 (dd, J = 9.7, 1.5 Hz, 1H, N–C–CH=CH), 3.86 (br s, 1H, NH), 3.78
(s, 3H, OCH3), 2.09 (s, 3H, CH3), 1.71 (s, 3H, N−C−CH3) ppm. 13C NMR (101 MHz, CDCl3):
δ 158.5 (ArC–OCH3), 141.9 (ArC of p-C6H4OMe), 140.6 (ArC), 130.3 (ArCH), 129.7
(N–C–CH=CH), 126.7 (ArCH of p-C6H4OMe), 125.1 (ArCH), 123.5 (N–C–CH=CH), 119.3
(ArC–CH3), 118.6 (ArC), 116.6 (ArCH), 113.8 (ArCH of p-C6H4OMe), 57.2 (N–C–CH=CH),
55.4 (OCH3), 30.7 (N−C−CH3), 16.8 (CH3) ppm. FTIR v̅ max (cm-1): 3417, 2998, 2964, 2905, 2835,
1505, 1466, 1306, 1244, 1176, 1026, 830, 813, 793, 736, 548, 427. HRMS-ESI (m/z): [M + H]+
calcd for C18H20NO, 266.1545; found, 266.1540.
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Synthesis of 1-(4-Methoxyphenyl)ethan-1-one (369)

An oven-dried 2 mL screw-cap vial was charged in air with NiCl2•6H2O (6.22 mg, 0.03 mmol,
10 mol%), 2,2′-bipyridine (4.23 mg, 0.027 mmol, 10 mol%) and 4-methoxyphenylboronic acid
(40.02 mg, 0.26 mmol, 1.00 equiv.). The vial was fitted with a teflon cap and evacuated and
backfilled with nitrogen gas (3 ×) via a needle connected to a Schlenk line. Anhydrous MeCN
(0.1 M) was then added, and the teflon cap was quickly replaced with a plastic screw-cap. The
vial was heated at 100 °C for 24 hours, after which the crude mixture was filtered through a plug
of neutral alumina using an EtOAc eluent. The filtrate was evaporated under reduced pressure to
give the crude ketone as a brown residue 369 (13.08 mg, 33% yield).
H NMR (400 MHz, CDCl3): δ 7.94 (d, J = 8.9 Hz, 2H, 2 × ArH), 6.93 (d, J = 8.9 Hz, 2H,

1

2 × ArH), 3.87 (s, 3H, OCH3), 2.55 (s, 3H, CH3) ppm. 13C NMR (101 MHz, CDCl3): δ 197.0
(CO), 163.6 (ArC−OCH3), 130.7 (ArCH), 130.5 (ArC), 113.8 (ArCH), 55.6 (OCH3), 26.4 (CH3)
ppm. NMR data matches literature values.91

Synthesis of 2-Methylquinoline (411)

An oven-dried 2 mL screw-cap vial was charged in air with allenyl benzoxazinanone 348a
(14.96 mg, 0.08 mmol, 1.00 equiv.) and Sc(OTf)3 (15.99 mg, 0.03 mmol, 0.41 equiv.). The vial
was fitted with a teflon cap and evacuated and backfilled with nitrogen gas (3 ×) via a needle
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connected to a Schlenk line. Anhydrous MeCN (0.80 mL, 0.1 M) was then added, and the teflon
cap was quickly replaced with a plastic screw-cap. The vial was heated to 100 °C for 24 hours,
after which the crude mixture was filtered through a plug of neutral alumina using an EtOAc
eluent. The filtrate was evaporated under reduced pressure to give 2-methylquinoline 411 as a
brown oil in quantitative yield (11.0 mg, 96% yield).
H NMR (400 MHz, CDCl3): δ 8.05 (d, J = 8.4 Hz, 1H, N=C−CH=CH), 8.02 (d, J = 8.4 Hz, 1H,

1

ArC), 7.78 (dd, J = 8.1, 1.4 Hz, 1H, ArH), 7.68 (ddd, J = 8.4, 6.9, 1.5 Hz, 1H, ArH), 7.48
(ddd, J = 8.1, 6.9, 1.2 Hz, 1H, ArH), 7.29 (d, J = 8.4 Hz, 1H, N=C−CH=CH), 2.75 (s, 3H, CH3)
ppm. 13C NMR (101 MHz, CDCl3): δ 159.2 (N=C−CH3), 148.0 (ArC), 136.3 (N=C−CH=CH),
129.6 (ArCH), 128.8 (ArCH), 127.6 (ArCH), 126.6 (ArC), 125.8 (ArCH), 122.2 (N=C−CH=CH),
25.5 (CH3) ppm. NMR data matches literature values.110

Synthesis of 5,5-dimethyl-2-phenyl-1,3,4-dioxaborinane (393)137

A solution of phenylboronic acid (0.50 g, 4.09 mmol, 1.00 equiv.) and 2,2-dimethyl1,3-propanediol (neopentylglycol) (0.51 g, 4.89 mmol, 1.20 equiv.) in THF (6.15 mL) was heated
at reflux for 2 hours. The solvent was evaporated under reduced pressure to yield the crude
product, which was purified by FCC (20% EtOAc/n-hexanes) to give neopentylglycol ester 393
as a white solid (0.64 g, 82% yield).
H NMR (400 MHz, CDCl3): δ 7.81–7.79 (m, 2H, 2 × ArH), 7.44–7.40 (m, 1H, ArH), 7.37–7.33

1

(m, 2H, 2 × ArH), 3.77 (s, 4H, 2 × CH2), 1.02 (s, 6H, 2 × CH3) ppm. 13C NMR (101 MHz, CDCl3):
δ 134.0 (ArCH), 130.8 (ArCH), 127.7 (ArCH), 72.5 (CH2), 32.0 (C–(CH3)2), 22.1 (CH3) ppm.
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The quaternary aromatic carbon adjacent to the boron atom was not detected, likely due to
quadrupolar relaxation. NMR data matches literature values.137-138

Synthesis of Sodium trihydroxy(4-methoxyphenyl)borate (405)109

Commercially available 4-methoxyphenylboronic acid (0.50 g, 3.26 mmol) was dissolved in a
minimal amount of hot toluene, and the solution was cooled to room temperature. A solution of
saturated aqueous NaOH was then added dropwise until no further precipitate formed. The
mixture was left to stir for 65 h, after which the white precipitate was filtered and washed with
toluene to give trihydroxyborate 405 in quantitative yield (0.62 g, 99% yield).
H NMR (400 MHz, D2O): δ 7.52 (d, J = 8.0 Hz, 2H, 2 × ArH), 6.94 (d, J = 8.3 Hz, 2H, 2 × ArH),

1

3.83 (s, 3H, OCH3) ppm. 13C NMR (101 MHz, CDCl3): δ 156.9 (ArC−OCH3), 132.5 (ArCH),
112.8 (ArCH), 55.2 (OCH3) ppm. The quaternary aromatic carbon adjacent to the boron atom was
not detected, likely due to quadrupolar relaxation. NMR data matches literature values.109
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Appendices
Appendix 1. Chiral HPLC Data from Part I, Section 2.3
“Palladium-Catalysed Decarboxylative Formal (4 + 2) Cycloaddition of Vinyl
Benzoxazinanones with 3-Nitroindoles”

HPLC conditions: Phenomenex Lux i-Cellulose-5 column, hexane/isopropanol (85:15),
0.5 mL/min, 40 °C.
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Racemic tetrahydro-5H-indolo[2,3-b]quinoline (149aa/149aa′)

Enantioenriched tetrahydro-5H-indolo[2,3-b]quinoline (149aa/149aa′)
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Appendix 2. Crystal Data and Structure Refinement from Part I and Part II
“Palladium-Catalysed Decarboxylative Formal (4 + 2) Cycloaddition of Vinyl
Benzoxazinanones with 3-Nitroindoles”
and
“Nickel-Catalysed Reaction of Allenyl Benzoxazinanones with Arylboronic Acids”

243

4-(Propa-1,2-dien-1-yl)-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (348a)

Figure A. The molecular structure of compound 348a with ellipsoids shown at the 50% probability level.

Method: Single crystals of C24H20ClN3O4S (348a) were grown from chloroform/n-hexanes. A
suitable crystal was selected, coated in Paratone and attached to a Mitegen mount on a XtaLAB
Mini II diffractometer. The crystal was kept at 150.00(10) K during data collection.
Using Olex2139 the structure was solved with the ShelXT140 structure solution program and refined
with the ShelXL141 refinement package using Least Squares minimisation.
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Table A. Crystal data and structure refinement for 348a.

Empirical formula

C11H9NO2

Formula weight

187.19

Temperature/K

149.99(10)

Crystal system

monoclinic

Space group

P21/n

a/Å

7.6425(3)

b/Å

4.6465(2)

c/Å

26.3297(9)

α/°

90

β/°

96.968(3)

γ/°

90

Volume/Å3

928.08(6)

Z

4

ρcalcg/cm3

1.340

μ/mm-1

0.093

F(000)

392.0

Crystal size/mm3

0.36 × 0.11 × 0.07

Radiation

MoKα (λ = 0.71073)

2Θ range for data collection/°

5.406 to 58.242

Index ranges

-10 ≤ h ≤ 10, -6 ≤ k ≤ 6, -35 ≤ l ≤ 36

Reflections collected

23975

Independent reflections

2509 [Rint = 0.0435, Rsigma = 0.0311]

Data/restraints/parameters

2509/2/167

Goodness-of-fit on F2

1.031

Final R indexes [I>=2σ (I)]

R1 = 0.0457, wR2 = 0.1089

Final R indexes [all data]

R1 = 0.0722, wR2 = 0.1210

Largest diff. peak/hole / e Å-3

0.25/-0.26
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Table B. Fractional atomic coordinates (×104) and equivalent isotropic displacement parameters
(Å2×103) for compound 348a. Ueq is defined as 1/3 of the trace of the orthogonalised U IJ tensor.

Atom

x

y

z

U(eq)

N(1)

4250.2(16)

2879(3)

4542.5(5)

29.1(3)

C(2)

5359.0(18)

1386(3)

4283.8(5)

26.2(3)

O(2)

6269.6(13)

-608(2)

4469.3(4)

31.2(3)

C(3)

3002.8(18)

4844(3)

4312.8(5)

25.7(3)

O(3)

5455.1(13)

2096(2)

3791.3(4)

31.3(3)

C(4)

4746(3)

4836(5)

3575.8(9)

24.5(6)

C(4A)

3128.3(18)

5728(3)

3814.9(5)

25.6(3)

C(5)

1882.2(19)

7639(3)

3581.7(6)

30.6(3)

C(6)

541(2)

8669(4)

3844.7(6)

35.3(4)

C(7)

453(2)

7797(4)

4343.9(6)

35.8(4)

C(8)

1678.5(19)

5882(3)

4581.3(6)

31.0(3)

C(9)

4376(2)

4397(4)

3008.8(6)

28.4(5)

C(10)

5075(3)

5941(5)

2673.3(9)

29.2(5)

C(10D)

5667(17)

6660(30)

2807(5)

30(3)

C(4D)

4337(16)

4200(30)

3487(4)

41(5)

C(9D)

5629(13)

6130(20)

3300(3)

31(3)

C(11)

5777(2)

7423(4)

2338.0(6)

40.1(4)
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Table C. Anisotropic displacement parameters (Å2×103) for compound 348a. The anisotropic
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…].

Atom

U11

U22

U33

U23

U13

U12

N(1)

30.7(6)

33.0(7)

24.4(6)

3.0(5)

6.4(5)

9.5(5)

C(2)

24.5(7)

27.4(7)

26.6(7)

-1.4(6)

2.9(5)

0.0(6)

O(2)

30.2(5)

31.7(6)

31.7(5)

1.5(5)

4.0(4)

8.3(5)

C(3)

24.3(6)

26.0(7)

27.2(7)

1.7(6)

4.2(5)

1.5(6)

O(3)

36.2(6)

31.0(6)

28.6(5)

3.1(4)

11.5(4)

9.1(5)

C(4)

23.0(12)

30.0(10)

20.5(9)

1.2(8)

2.7(9)

3.2(10)

C(4A)

24.7(7)

25.6(7)

26.9(6)

-0.2(6)

5.1(5)

0.4(6)

C(5)

30.9(7)

31.0(8)

29.8(7)

4.7(6)

3.2(6)

1.2(6)

C(6)

29.8(8)

34.9(8)

40.9(8)

6.5(7)

2.5(6)

9.1(7)

C(7)

28.7(7)

38.2(9)

42.2(9)

3.0(7)

11.7(6)

6.5(7)

C(8)

30.4(7)

32.2(8)

32.3(7)

4.2(6)

10.8(6)

4.0(6)

C(9)

30.5(9)

29.4(10)

25.7(9)

-3.4(7)

5.1(6)

-1.7(7)

C(10)

29.3(13)

31.0(12)

26.9(11)

-3.0(9)

1.1(8)

2.5(9)

C(10D)

27(6)

34(7)

29(6)

1(5)

6(4)

-1(5)

C(4D)

14(5)

64(11)

43(8)

1(7)

-10(5)

-1(6)

C(9D)

36(5)

28(5)

31(5)

-6(4)

9(4)

-1(4)

C(11)

42.4(9)

47.7(10)

30.2(8)

5.8(7)

5.1(7)

-2.5(8)
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Table D. Bond lengths for compound 348a.

Atom

Atom

Length/Å

Atom

Atom

Length/Å

N(1)

C(2)

1.3429(18)

C(4A)

C(5)

1.3895(19)

N(1)

C(3)

1.4031(18)

C(4A)

C(4D)

1.514(9)

C(2)

O(2)

1.2239(17)

C(5)

C(6)

1.390(2)

C(2)

O(3)

1.3487(16)

C(6)

C(7)

1.385(2)

C(3)

C(4A)

1.3881(19)

C(7)

C(8)

1.385(2)

C(3)

C(8)

1.3894(19)

C(9)

C(10)

1.302(3)

O(3)

C(4)

1.471(2)

C(10)

C(11)

1.287(3)

O(3)

C(4D)

1.471(9)

C(10D)

C(9D)

1.325(15)

C(4)

C(4A)

1.511(2)

C(10D)

C(11)

1.298(12)

C(4)

C(9)

1.499(3)

C(4D)

C(9D)

1.460(18)

Table E. Bond angles for compound 348a.

Atom

Atom

Atom

Angle/˚

Atom

Atom

Atom

Angle/˚

C(2)

N(1)

C(3)

123.73(12)

C(3)

C(4A)

C(4D)

121.1(4)

N(1)

C(2)

O(3)

118.20(13)

C(5)

C(4A)

C(4)

122.85(14)

O(2)

C(2)

N(1)

123.50(13)

C(5)

C(4A)

C(4D)

118.7(4)

O(2)

C(2)

O(3)

118.30(13)

C(6)

C(5)

C(4A)

120.48(14)

C(4A)

C(3)

N(1)

118.58(12)

C(7)

C(6)

C(5)

119.72(14)

C(4A)

C(3)

C(8)

121.07(13)

C(8)

C(7)

C(6)

120.57(14)

C(8)

C(3)

N(1)

120.35(13)

C(7)

C(8)

C(3)

119.19(14)

C(2)

O(3)

C(4)

121.49(13)

C(10)

C(9)

C(4)

123.86(19)

C(2)

O(3)

C(4D)

126.2(4)

C(11)

C(10)

C(9)

178.9(3)

O(3)

C(4)

C(4A)

111.01(16)

C(11)

C(10D)

C(9D)

174.3(13)

O(3)

C(4)

C(9)

106.41(17)

O(3)

C(4D)

C(4A)

110.8(7)

C(9)

C(4)

C(4A)

112.78(17)

C(9D)

C(4D)

O(3)

102.6(8)

C(3)

C(4A)

C(4)

117.77(14)

C(9D)

C(4D)

C(4A)

113.0(10)

C(3)

C(4A)

C(5)

118.95(13)

C(10D)

C(9D)

C(4D)

122.7(10)
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Table F. Torsion angles for compound 348a.

A

B

C

D

Angle/˚

A

B

C

D

Angle/˚

N(1)

C(2)

O(3)

C(4)

15.5(2)

O(3)

C(4)

C(4A)

C(3)

28.9(3)

N(1)

C(2)

O(3)

C(4D)

-6.0(8)

O(3)

C(4)

C(4A)

C(5)

-158.63(15)

N(1)

C(3)

C(4A)

C(4)

-8.2(2)

O(3)

C(4)

C(9)

C(10)

-121.7(2)

N(1)

C(3)

C(4A)

C(5)

179.02(13)

O(3)

C(4D) C(9D) C(10D)

N(1)

C(3)

C(4A) C(4D)

12.0(7)

C(4)

C(4A)

C(5)

C(6)

-171.83(18)

N(1)

C(3)

C(8)

C(7)

-179.34(14)

C(4A)

C(3)

C(8)

C(7)

0.9(2)

C(2)

N(1)

C(3)

C(4A)

-12.9(2)

C(4A)

C(4)

C(9)

C(10)

116.3(2)

C(2)

N(1)

C(3)

C(8)

167.34(14)

C(4A)

C(5)

C(6)

C(7)

0.4(2)

C(2)

O(3)

C(4)

C(4A)

-33.6(3)

C(2)

O(3)

C(4)

C(9)

-156.62(14)

C(5)

C(4A) C(4D)

C(2)

O(3)

C(4D) C(4A)

5.1(14)

C(5)

C(4A) C(4D) C(9D)

C(2)

O(3)

C(4D) C(9D)

126.0(5)

C(5)

C(6)

C(7)

C(8)

-0.8(3)

O(2)

C(2)

O(3)

C(4)

-165.43(16)

C(6)

C(7)

C(8)

C(3)

0.1(2)

O(2)

C(2)

O(3)

C(4D)

173.1(8)

C(8)

C(3)

C(4A)

C(4)

171.53(17)

C(3)

N(1)

C(2)

O(2)

-169.40(14)

C(8)

C(3)

C(4A)

C(5)

-1.2(2)

C(3)

N(1)

C(2)

O(3)

9.6(2)

C(8)

C(3)

C(4A) C(4D)

C(3)

C(4A)

C(5)

C(6)

0.5(2)

C(9)

C(4)

C(4A)

C(3)

148.22(16)

C(3)

C(4A) C(4D)

O(3)

-8.0(13)

C(9)

C(4)

C(4A)

C(5)

-39.3(3)

C(3)

C(4A) C(4D) C(9D)

C(5)

C(6)

167.9(7)

-122.6(6)

C(4A) C(4D) C(9D) C(10D)

C(4D) C(4A)
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O(3)

124.0(11)

-116.6(11)
-175.1(6)
70.3(9)

-168.3(7)

Table G. Hydrogen atom coordinates (Å×104) and isotropic displacement parameters (Å2×103) for
compound 348a.
Atom

x

y

z

U(eq)

H(4)

5667.82

6359.11

3645.67

29

H(5)

1947.76

8246.98

3240.02

37

H(6)

-312.61

9964.92

3682.66

42

H(7)

-455.31

8519.05

4525.05

43

H(8)

1614.4

5285.02

4923.63

37

H(9)

3584.62

2903.91

2887.07

34

H(4D)

3626.73

3223.47

3193.1

50

H(9D)

6477.7

7030.11

3541.98

38

H(11A)

6860(30)

6790(40)

2193(7)

58(6)

H(11B)

5210(30)

9240(40)

2202(7)

49(5)

H(1)

4120(20)

2210(40)

4861(8)

46(5)

Table H. Atomic occupancy for compound 348a.

Atom

Occupancy

Atom

Occupancy

Atom

Occupancy

C(4)

0.839(4)

H(4)

0.839(4)

C(9)

0.839(4)

H(9)

0.839(4)

C(10)

0.839(4)

C(10D)

0.161(4)

C(4D)

0.161(4)

H(4D)

0.161(4)

C(9D)

0.161(4)

H(9D)

0.161(4)
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8-Chloro-10b-nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoline (149at)

Figure B. The molecular structure of compound 149at with ellipsoids shown at the 50% probability level.

Method: Single crystals of C24H20ClN3O4S (149at) were grown from chloroform/n-hexanes. A
suitable crystal was selected, coated in Paratone and attached to a Mitegen mount on a XtaLAB
Mini II diffractometer. The crystal was kept at 150.00(10) K during data collection.
Using Olex2139 the structure was solved with the ShelXT140 structure solution program and refined
with the ShelXL141 refinement package using Least Squares minimisation.
The hydrogens attached to C7T were modelled as a two-component disorder (0.56:0.44). All
hydrogens were located in the difference map but were positioned geometrically, excepting
N5(H5), and allowed to ride on their carrier atoms.
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Table I. Crystal data and structure refinement for 149at.

Empirical formula

C24H20ClN3O4S

Formula weight

481.94

Temperature/K

150.00(10)

Crystal system

monoclinic

Space group

P21/c

a/Å

12.6444(7)

b/Å

17.1364(7)

c/Å

11.7184(7)

α/°

90

β/°

117.094(7)

γ/°

90

Volume/Å3

2260.5(2)

Z

4

ρcalcg/cm3

1.416

μ/mm-1

0.299

F(000)

1000.0

Crystal size/mm3

0.41 × 0.08 × 0.07

Radiation

MoKα (λ = 0.71073)

2Θ range for data collection/°

4.33 to 52.734

Index ranges

-15 ≤ h ≤ 15, -21 ≤ k ≤ 20, -14 ≤ l ≤ 14

Reflections collected

22485

Independent reflections

4553 [Rint = 0.0545, Rsigma = 0.0624]

Data/restraints/parameters

4553/0/312

Goodness-of-fit on F2

1.030

Final R indexes [I>=2σ (I)]

R1 = 0.0473, wR2 = 0.0905

Final R indexes [all data]

R1 = 0.0788, wR2 = 0.0996

Largest diff. peak/hole / e Å-3

0.29/-0.32
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Table J. Fractional atomic coordinates (×104) and equivalent isotropic displacement parameters
(Å2×103) for compound 149at. Ueq is defined as 1/3 of the trace of the orthogonalised U IJ tensor.
Atom

x

y

z

U(eq)

Cl(1)

4736.1(6)

3202.4(5)

12073.6(7)

50.8(2)

S(1T)

2894.5(5)

5315.4(3)

7748.4(6)

22.71(15)

O(1)

872.3(16)

2415.6(9)

6109.5(17)

37.3(5)

O(2)

287.1(15)

3384.2(9)

4785.4(15)

32.5(4)

O(1T)

3713.5(13)

5544.1(9)

9018.7(15)

27.9(4)

O(2T)

2140.6(13)

5880.3(9)

6842.9(15)

27.8(4)

N(1)

617.4(16)

3101.2(11)

5852.8(19)

23.5(4)

N(5)

-98.2(15)

5003.7(11)

6455.0(17)

20.7(4)

N(6)

1966.3(15)

4689.8(10)

7901.3(17)

19.2(4)

C(1)

-1418.8(19)

4077.0(14)

8318(2)

27.0(6)

C(2)

-1640(2)

4712.9(15)

8913(2)

32.9(6)

C(3)

-1335(2)

5455.4(15)

8712(2)

32.7(6)

C(4)

-788(2)

5572.2(14)

7933(2)

26.7(5)

C(7)

3343(2)

3985.9(14)

9926(2)

25.8(6)

C(8)

3526(2)

3283.1(15)

10561(2)

28.5(6)

C(9)

2790(2)

2646.3(14)

10057(2)

30.0(6)

C(10)

1813(2)

2706.1(14)

8866(2)

25.6(5)

C(11)

-712.0(19)

3551.5(13)

6722(2)

20.7(5)

C(4A)

-582.5(18)

4939.7(13)

7327(2)

19.7(5)

C(5A)

880.5(19)

4481.1(13)

6698(2)

18.7(5)

C(6A)

2359.6(19)

4030.6(13)

8727(2)

19.4(5)

C(10A)

1590.7(19)

3404.6(13)

8198(2)

19.3(5)

C(11A)

-899.1(18)

4184.5(13)

7511(2)

20.0(5)

C(10B)

603.5(19)

3623.8(12)

6917(2)

18.8(5)

C(1T)

3655.7(19)

4795.9(13)

7060(2)

23.3(5)

C(2T)

4649(2)

4354.7(14)

7843(2)

28.2(6)

C(3T)

5234(2)

3940.9(15)

7293(2)

32.9(6)

C(4T)

4858(2)

3954.5(16)

5982(3)

36.9(7)

C(5T)

3856(2)

4395.2(17)

5213(2)

38.9(7)
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C(6T)

3252(2)

4813.3(15)

5742(2)

32.6(6)

C(7T)

5509(3)

3492(2)

5407(3)

54.8(9)

C(1V)

-1058(2)

2747.6(14)

6913(3)

27.8(6)

C(2V)

-1823(2)

2318.5(16)

5975(3)

44.9(8)

Table K. Anisotropic displacement parameters (Å2×103) for compound 149at. The anisotropic
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…].
Atom

U11

U22

U33

U23

U13

U12

Cl(1)

44.1(4)

55.8(5)

27.5(4)

16.9(4)

-5.5(3)

-3.4(4)

S(1T)

21.3(3)

21.6(3)

22.3(3)

1.0(3)

7.4(3)

-3.0(2)

O(1)

63.1(13)

16.8(10)

42.6(12)

2.7(8)

33.4(11)

6.0(8)

O(2)

46.3(11)

32.2(10)

16.7(10)

0.9(8)

12.3(9)

6.0(8)

O(1T)

26.5(9)

28.5(10)

21.0(9)

-3.3(8)

3.9(7)

-6.4(7)

O(2T)

27.6(9)

20.4(9)

29.0(10)

7.0(7)

7.4(8)

-1.0(7)

N(1)

23.5(10)

24.9(12)

24.4(12)

-1.2(9)

13.0(9)

-0.8(8)

N(5)

21.1(10)

16.7(10)

23.4(11)

3.0(8)

9.3(9)

1.2(8)

N(6)

16.4(9)

20.0(10)

17.2(10)

2.5(8)

4.3(8)

-1.4(8)

C(1)

25.7(13)

28.9(14)

28.4(15)

0.4(11)

14.0(12)

-1.9(11)

C(2)

29.5(14)

43.4(17)

32.5(15)

-3.3(13)

19.9(13)

1.2(12)

C(3)

30.2(14)

36.6(17)

32.6(16)

-6.6(12)

15.4(12)

6.5(12)

C(4)

24.2(13)

22.2(13)

30.5(15)

-1.2(11)

9.6(11)

2.4(10)

C(7)

21.8(13)

31.4(15)

20.6(14)

4.1(11)

6.4(11)

0.1(10)

C(8)

24.6(13)

39.9(16)

16.3(13)

7.2(12)

5.1(11)

2.4(11)

C(9)

28.8(14)

29.1(15)

30.5(15)

15.6(12)

12.0(12)

4.8(11)

C(10)

23.4(13)

23.9(14)

29.9(15)

6.2(11)

12.6(11)

0.6(10)

C(11)

17.4(12)

20.9(13)

20.9(13)

1.2(10)

6.4(10)

0.3(9)

C(4A)

15.5(11)

23.7(13)

16.2(12)

3.3(10)

4.1(10)

4.2(9)

C(5A)

18.2(11)

20.7(13)

14.8(12)

2.2(10)

5.4(10)

0.8(9)

C(6A)

21.1(12)

19.8(13)

19.5(13)

2.3(10)

11.2(10)

2.0(9)

C(10A)

18.9(11)

22.4(13)

18.9(13)

4.4(10)

10.8(10)

1.8(9)

C(11A)

15.2(11)

24.1(13)

17.6(12)

0.7(10)

4.7(10)

1.8(9)

C(10B)

20.9(12)

18.0(12)

19.1(13)

0.7(10)

10.4(10)

0.2(9)
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C(1T)

19.4(12)

27.3(14)

21.3(13)

-1.2(11)

7.7(10)

-5.7(10)

C(2T)

21.1(13)

36.8(15)

22.1(14)

-0.3(11)

5.8(11)

-2.5(11)

C(3T)

20.0(13)

41.7(17)

32.0(16)

-1.9(12)

7.6(12)

2.2(11)

C(4T)

27.9(14)

48.2(18)

37.8(17)

-8.3(14)

17.7(13)

-6.2(12)

C(5T)

31.9(15)

62(2)

22.5(14)

-1.4(14)

12.2(12)

-4.6(13)

C(6T)

25.3(13)

46.2(17)

24.1(15)

6.9(12)

9.4(12)

0.6(12)

C(7T)

45(2)

79(3)

47(2)

-13.0(19)

27.1(18)

3.9(18)

C(1V)

23.3(13)

22.8(14)

39.6(17)

5.4(12)

16.3(13)

1.3(10)

C(2V)

44.3(17)

27.9(16)

60(2)

-6.9(14)

21.3(16)

-12.4(13)

Table L. Bond lengths for compound 149at.

Atom

Atom

Length/Å

Atom

Atom

Length/Å

Cl(1)

C(8)

1.741(2)

C(8)

C(9)

1.381(3)

S(1T)

O(1T)

1.4275(16)

C(9)

C(10)

1.383(3)

S(1T)

O(2T)

1.4319(16)

C(10)

C(10A)

1.387(3)

S(1T)

N(6)

1.6584(17)

C(11)

C(11A)

1.512(3)

S(1T)

C(1T)

1.754(2)

C(11)

C(10B)

1.577(3)

O(1)

N(1)

1.219(2)

C(11)

C(1V)

1.493(3)

O(2)

N(1)

1.224(2)

C(4A)

C(11A)

1.400(3)

N(1)

C(10B)

1.542(3)

C(5A)

C(10B)

1.558(3)

N(5)

C(4A)

1.415(3)

C(6A)

C(10A)

1.390(3)

N(5)

C(5A)

1.447(3)

C(10A)

C(10B)

1.499(3)

N(6)

C(5A)

1.496(3)

C(1T)

C(2T)

1.393(3)

N(6)

C(6A)

1.422(3)

C(1T)

C(6T)

1.388(3)

C(1)

C(2)

1.389(3)

C(2T)

C(3T)

1.378(3)

C(1)

C(11A)

1.388(3)

C(3T)

C(4T)

1.386(3)

C(2)

C(3)

1.381(3)

C(4T)

C(5T)

1.395(4)

C(3)

C(4)

1.388(3)

C(4T)

C(7T)

1.505(3)

C(4)

C(4A)

1.383(3)

C(5T)

C(6T)

1.383(3)

C(7)

C(8)

1.379(3)

C(1V)

C(2V)

1.310(4)

C(7)

C(6A)

1.391(3)
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Table M. Bond angles for compound 149at.

Atom

Atom

Atom

Angle/˚

Atom

Atom

Atom

Angle/˚

O(1T)

S(1T)

O(2T)

120.60(10)

N(5)

C(5A)

N(6)

111.91(17)

O(1T)

S(1T)

N(6)

106.13(9)

N(5)

C(5A)

C(10B)

112.32(17)

O(1T)

S(1T)

C(1T)

109.25(10)

N(6)

C(5A)

C(10B)

104.41(17)

O(2T)

S(1T)

N(6)

104.59(9)

C(7)

C(6A)

N(6)

127.3(2)

O(2T)

S(1T)

C(1T)

108.76(10)

C(10A)

C(6A)

N(6)

110.68(19)

N(6)

S(1T)

C(1T)

106.58(10)

C(10A)

C(6A)

C(7)

122.0(2)

O(1)

N(1)

O(2)

124.3(2)

C(10)

C(10A)

C(6A)

119.6(2)

O(1)

N(1)

C(10B)

117.33(18)

C(10)

C(10A)

C(10B)

130.1(2)

O(2)

N(1)

C(10B)

118.17(18)

C(6A)

C(10A)

C(10B)

110.33(19)

C(4A)

N(5)

C(5A)

114.98(17)

C(1)

C(11A)

C(11)

125.2(2)

C(5A)

N(6)

S(1T)

116.34(13)

C(1)

C(11A)

C(4A)

119.0(2)

C(6A)

N(6)

S(1T)

122.80(14)

C(4A)

C(11A)

C(11)

115.71(18)

C(6A)

N(6)

C(5A)

109.75(17)

N(1)

C(10B)

C(11)

103.69(17)

C(11A)

C(1)

C(2)

120.3(2)

N(1)

C(10B)

C(5A)

109.16(17)

C(3)

C(2)

C(1)

120.1(2)

C(5A)

C(10B)

C(11)

110.57(17)

C(2)

C(3)

C(4)

120.4(2)

C(10A)

C(10B)

N(1)

110.71(17)

C(4A)

C(4)

C(3)

119.4(2)

C(10A)

C(10B)

C(11)

117.89(17)

C(8)

C(7)

C(6A)

116.5(2)

C(10A)

C(10B)

C(5A)

104.72(17)

C(7)

C(8)

Cl(1)

118.21(19)

C(2T)

C(1T)

S(1T)

119.40(18)

C(7)

C(8)

C(9)

123.0(2)

C(6T)

C(1T)

S(1T)

120.00(18)

C(9)

C(8)

Cl(1)

118.79(19)

C(6T)

C(1T)

C(2T)

120.6(2)

C(8)

C(9)

C(10)

119.4(2)

C(3T)

C(2T)

C(1T)

119.0(2)

C(9)

C(10)

C(10A)

119.4(2)

C(2T)

C(3T)

C(4T)

121.6(2)

C(11A)

C(11)

C(10B)

107.65(18)

C(3T)

C(4T)

C(5T)

118.5(2)

C(1V)

C(11)

C(11A)

115.59(19)

C(3T)

C(4T)

C(7T)

120.4(3)

C(1V)

C(11)

C(10B)

114.36(18)

C(5T)

C(4T)

C(7T)

121.1(3)

C(4)

C(4A)

N(5)

123.6(2)

C(6T)

C(5T)

C(4T)

121.0(2)

C(4)

C(4A)

C(11A)

120.8(2)

C(5T)

C(6T)

C(1T)

119.3(2)

C(11A)

C(4A)

N(5)

115.52(19)

C(2V)

C(1V)

C(11)

123.2(3)
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Table N. Hydrogen atom coordinates (Å×104) and isotropic displacement parameters (Å2×103) for
compound 149at.
Atom

x

y

z

U(eq)

H(5)

70.34

5478.94

6365.68

25

H(1)

-1620

3577.21

8460.45

32

H(2)

-1993.89

4638.27

9447.29

39

H(3)

-1496.07

5880.1

9101.96

39

H(4)

-562.95

6071.04

7818.1

32

H(7)

3850.42

4408

10280.8

31

H(9)

2948.74

2180.99

10514.04

36

H(10)

1309.24

2281.63

8515.93

31

H(11)

-1188(19)

3690(13)

5850(20)

25

H(5A)

1028(18)

4504(12)

5940(20)

22

H(2T)

4913.51

4339.71

8724.57

34

H(3T)

5896.05

3645.38

7813.73

39

H(5T)

3590.91

4408

4331.12

47

H(6T)

2582.88

5102.95

5221.08

39

H(7TA)

5752.87

3000.2

5841.95

82

H(7TB)

6195.55

3777.62

5497.03

82

H(7TC)

4992.94

3402.21

4513.93

82

H(7TD)

6295.49

3374.56

6058.88

70(20)

H(7TE)

5556.73

3791.18

4739.33

47(18)

H(7TF)

5089.14

3014.28

5054.69

21(14)

H(1V)

-770(20)

2560(14)

7750(20)

33

H(2VA)

-2178.59

2511.81

5141.89

54

H(2VB)

-2010.05

1820.43

6141.84

54

Table O. Atomic occupancy for compound 149at.
Atom

Occupancy

Atom

Occupancy

Atom

Occupancy

H(7TA)

0.44(4)

H(7TB)

0.44(4)

H(7TC)

0.44(4)

H(7TD)

0.56(4)

H(7TE)

0.56(4)

H(7TF)

0.56(4)
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7-Chloro-10b-nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoline (149af)

Figure C. The molecular structure of compound 149af with ellipsoids shown at the 50% probability level.

Method: Single crystals of C24H20ClN3O4S (149af) were grown from chloroform/n-hexanes.
A suitable crystal was selected, coated in Paratone, and attached to a Mitegen mount on a XtaLAB
Mini II diffractometer. The crystal was kept at 149(1) K during data collection. Using Olex2 139
the structure was solved with the ShelXT140 structure solution program using Intrinsic Phasing
and refined with the ShelXL141 refinement package using Least Squares minimisation.
All hydrogens attached to carbon were located in the difference map but were positioned
geometrically and allowed to ride with Uiso 1.2 or 1.5 times their carrier carbons. H5 attached to
N5 was refined freely.
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Table P. Crystal data and structure refinement for 149af.

Empirical formula

C24H20ClN3O4S

Formula weight

481.94

Temperature/K

149(1)

Crystal system

triclinic

Space group

P-1

a/Å

9.7159(2)

b/Å

10.5827(2)

c/Å

12.7368(3)

α/°

100.5310(18)

β/°

105.5640(19)

γ/°

113.942(2)

Volume/Å3

1087.93(5)

Z

2

ρcalcg/cm3

1.471

μ/mm-1

0.310

F(000)

500.0

Crystal size/mm3

0.25 × 0.2 × 0.14

Radiation

MoKα (λ = 0.71073)

2Θ range for data collection/°

4.464 to 56.564

Index ranges

-12 ≤ h ≤ 12, -14 ≤ k ≤ 14, -16 ≤ l ≤ 16

Reflections collected

38602

Independent reflections

5280 [Rint = 0.0337, Rsigma = 0.0250]

Data/restraints/parameters

5280/0/311

Goodness-of-fit on F2

1.061

Final R indexes [I>=2σ (I)]

R1 = 0.0365, wR2 = 0.0955

Final R indexes [all data]

R1 = 0.0486, wR2 = 0.1018

Largest diff. peak/hole / e Å-3

1.00/-0.38
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Table Q. Fractional atomic coordinates (×104) and equivalent isotropic displacement parameters
(Å2×103) for compound 149af. Ueq is defined as 1/3 of the trace of the orthogonalised U IJ tensor.
Atom

x

y

z

U(eq)

Cl(1)

4012.4(6)

2816.7(5)

4228.5(4)

40.01(13)

C(1)

6906(3)

9007.1(19)

3658.1(15)

33.1(4)

C(2)

5641(3)

9210(2)

3816.8(17)

42.2(5)

C(3)

4046(3)

8165(2)

3151.4(18)

42.3(5)

C(4)

3684(2)

6908(2)

2326.1(16)

33.2(4)

N(5)

4709.5(17)

5561.6(15)

1258.4(11)

23.1(3)

N(6)

4951.9(15)

3765.6(13)

2132.7(10)

19.0(2)

C(7)

5899(2)

3934.1(17)

4242.4(14)

27.6(3)

C(8)

7228(3)

4560.0(19)

5277.4(14)

35.2(4)

C(9)

8729(2)

5611(2)

5387.1(14)

35.0(4)

C(10)

8916(2)

6115.5(18)

4482.3(14)

28.8(4)

C(11)

7826.6(19)

7496.7(16)

2476.8(13)

21.6(3)

C(4A)

4955(2)

6717.1(17)

2157.5(13)

23.7(3)

C(5A)

5631.8(18)

4808.8(16)

1526.3(12)

18.9(3)

C(6A)

6112.3(19)

4319.7(16)

3288.2(12)

20.8(3)

C(10A)

7594.9(19)

5475.5(16)

3434.6(13)

21.2(3)

C(11A)

6572(2)

7761.1(17)

2821.3(13)

23.5(3)

C(10B)

7431.4(18)

5876.6(16)

2356.9(12)

19.2(3)

O(1N)

8386.8(14)

5701.7(13)

841.9(10)

30.0(3)

N(1N)

8582.0(16)

5627.2(14)

1813.9(11)

22.9(3)

O(2N)

9654.5(15)

5438.5(15)

2384.6(11)

35.3(3)

S(1T)

4150.3(4)

2002.9(4)

1312.0(3)

20.51(10)

O(1T)

3491.1(14)

1104.3(12)

1939.9(10)

28.7(3)

C(1T)

5803.8(18)

1820.6(15)

1162.5(13)

20.9(3)

O(2T)

3131.6(13)

1904.3(12)

221.8(9)

26.5(2)

C(2T)

6739(2)

1530.6(18)

2028.9(14)

26.5(3)

C(3T)

8114(2)

1497.4(18)

1953.2(15)

29.7(4)

C(4T)

8601(2)

1781.0(17)

1052.8(15)

28.0(3)

C(5T)

7620(2)

2022.1(18)

181.7(15)

27.5(3)
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C(6T)

6217(2)

2032.4(17)

225.3(13)

24.1(3)

C(7T)

10147(2)

1819(2)

1012(2)

43.6(5)

C(1V)

9560(2)

8585.3(18)

3223.7(17)

34.2(4)

C(2V)

10651(3)

9237(2)

2806(2)

51.9(6)

Table R. Anisotropic displacement parameters (Å2×103) for compound 149af. The anisotropic
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…].
Atom

U11

U22

U33

U23

U13

U12

Cl(1)

49.3(3)

31.2(2)

37.2(2)

14.44(18)

28.6(2)

8.3(2)

C(1)

48.4(11)

28.0(8)

26.0(8)

12.1(7)

15.1(8)

19.1(8)

C(2)

75.3(16)

42.2(11)

37.3(10)

22.2(9)

35.1(10)

41.0(11)

C(3)

61.3(14)

57.2(13)

49.5(11)

36.2(10)

39.3(11)

46.1(12)

C(4)

34.4(10)

45.7(10)

39.9(10)

29.0(8)

21.8(8)

26.6(9)

N(5)

17.6(7)

23.9(6)

23.2(6)

10.0(5)

3.2(5)

7.8(5)

N(6)

18.9(6)

16.6(6)

19.4(6)

7.0(4)

7.9(5)

6.0(5)

C(7)

36.4(10)

21.8(7)

25.6(8)

11.0(6)

14.9(7)

11.8(7)

C(8)

53.1(12)

32.6(9)

22.1(8)

15.2(7)

13.7(8)

20.3(9)

C(9)

40.9(11)

35.4(9)

21.2(8)

8.9(7)

1.6(7)

18.4(8)

C(10)

27.2(9)

26.9(8)

25.2(8)

8.4(6)

4.2(6)

10.3(7)

C(11)

21.8(8)

17.9(7)

21.6(7)

8.8(5)

7.0(6)

6.2(6)

C(4A)

27.9(8)

28.1(8)

24.5(7)

17.5(6)

13.0(6)

16.2(7)

C(5A)

16.3(7)

19.0(7)

18.3(6)

7.7(5)

5.7(5)

5.7(6)

C(6A)

24.1(8)

18.1(7)

20.4(7)

7.2(5)

7.9(6)

10.3(6)

C(10A)

22.6(8)

20.7(7)

20.7(7)

8.4(5)

6.7(6)

11.0(6)

C(11A)

30.7(9)

23.3(7)

21.5(7)

12.9(6)

11.9(6)

14.1(7)

C(10B)

16.0(7)

19.3(7)

19.3(7)

6.8(5)

5.7(5)

6.4(6)

O(1N)

25.3(6)

39.7(7)

24.2(6)

12.0(5)

11.8(5)

13.0(5)

N(1N)

17.9(6)

22.9(6)

24.7(6)

8.1(5)

7.5(5)

7.0(5)

O(2N)

27.5(7)

51.3(8)

37.0(7)

20.5(6)

12.2(5)

25.6(6)

S(1T)

17.16(19)

16.93(17)

23.45(18)

5.69(13)

7.87(14)

4.96(14)

O(1T)

28.8(6)

19.7(5)

36.6(6)

10.7(5)

18.7(5)

6.4(5)

C(1T)

19.2(7)

16.7(7)

24.6(7)

5.8(5)

8.2(6)

7.2(6)
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O(2T)

19.1(6)

26.5(6)

25.4(5)

4.3(4)

3.7(4)

8.1(5)

C(2T)

29.1(9)

26.3(8)

25.7(8)

11.3(6)

11.0(6)

13.5(7)

C(3T)

29.6(9)

29.1(8)

31.4(8)

11.5(7)

7.4(7)

17.1(7)

C(4T)

24.7(8)

22.6(7)

37.0(9)

7.4(6)

12.3(7)

12.3(7)

C(5T)

32.6(9)

27.1(8)

31.2(8)

12.3(6)

18.8(7)

16.5(7)

C(6T)

26.7(8)

23.5(7)

23.4(7)

8.6(6)

9.5(6)

13.0(7)

C(7T)

34.4(11)

50.1(12)

58.6(13)

19.9(10)

23.3(9)

27.0(10)

C(1V)

25.7(9)

20.5(8)

42.7(10)

8.5(7)

2.7(7)

6.0(7)

C(2V)

28.2(11)

27.0(9)

91.1(18)

19.9(10)

20.2(11)

6.3(8)

Table S. Bond lengths for compound 149af.

Atom

Atom

Length/Å

Atom

Atom

Length/Å

Cl(1)

C(7)

1.7248(18)

C(4A)

C(11A)

1.393(2)

C(1)

C(2)

1.389(3)

C(5A)

C(10B)

1.556(2)

C(1)

C(11A)

1.391(2)

C(6A)

C(10A)

1.396(2)

C(2)

C(3)

1.368(3)

C(10A)

C(10B)

1.497(2)

C(3)

C(4)

1.382(3)

C(10B)

N(1N)

1.5445(19)

C(4)

C(4A)

1.393(2)

O(1N)

N(1N)

1.2234(17)

N(5)

C(4A)

1.403(2)

N(1N)

O(2N)

1.2122(17)

N(5)

C(5A)

1.438(2)

S(1T)

O(1T)

1.4187(11)

N(6)

C(5A)

1.4985(18)

S(1T)

C(1T)

1.7483(16)

N(6)

C(6A)

1.4277(18)

S(1T)

O(2T)

1.4298(11)

N(6)

S(1T)

1.6883(12)

C(1T)

C(2T)

1.396(2)

C(7)

C(8)

1.384(2)

C(1T)

C(6T)

1.385(2)

C(7)

C(6A)

1.391(2)

C(2T)

C(3T)

1.379(2)

C(8)

C(9)

1.378(3)

C(3T)

C(4T)

1.390(2)

C(9)

C(10)

1.368(2)

C(4T)

C(5T)

1.392(2)

C(10)

C(10A)

1.390(2)

C(4T)

C(7T)

1.501(2)

C(11)

C(11A)

1.508(2)

C(5T)

C(6T)

1.384(2)

C(11)

C(10B)

1.565(2)

C(1V)

C(2V)

1.313(3)

C(11)

C(1V)

1.495(2)
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Table T. Bond angles for compound 149af.

Atom

Atom

Atom

Angle/˚

Atom

Atom

Atom

Angle/˚

C(2)

C(1)

C(11A)

120.24(18)

C(1)

C(11A)

C(11)

125.13(15)

C(3)

C(2)

C(1)

120.01(18)

C(1)

C(11A)

C(4A)

119.01(16)

C(2)

C(3)

C(4)

120.78(18)

C(4A)

C(11A)

C(11)

115.56(13)

C(3)

C(4)

C(4A)

119.07(19)

C(5A)

C(10B)

C(11)

110.04(12)

C(4A)

N(5)

C(5A)

117.88(12)

C(10A)

C(10B)

C(11)

117.12(12)

C(5A)

N(6)

S(1T)

111.96(9)

C(10A)

C(10B)

C(5A)

104.63(12)

C(6A)

N(6)

C(5A)

107.64(11)

C(10A)

C(10B)

N(1N)

110.77(12)

C(6A)

N(6)

S(1T)

120.79(10)

N(1N)

C(10B)

C(11)

104.77(11)

C(8)

C(7)

Cl(1)

117.95(13)

N(1N)

C(10B)

C(5A)

109.46(11)

C(8)

C(7)

C(6A)

119.14(16)

O(1N)

N(1N)

C(10B)

116.86(12)

C(6A)

C(7)

Cl(1)

122.70(13)

O(2N)

N(1N)

C(10B)

118.81(12)

C(9)

C(8)

C(7)

120.89(16)

O(2N)

N(1N)

O(1N)

124.24(14)

C(8)

C(9)

C(10)

120.45(16)

N(6)

S(1T)

C(1T)

105.16(7)

C(9)

C(10)

C(10A)

118.90(16)

O(1T)

S(1T)

N(6)

107.74(6)

C(11A)

C(11)

C(10B)

108.34(12)

O(1T)

S(1T)

C(1T)

109.07(7)

C(1V)

C(11)

C(11A)

115.30(14)

O(1T)

S(1T)

O(2T)

120.80(7)

C(1V)

C(11)

C(10B)

113.11(13)

O(2T)

S(1T)

N(6)

103.75(6)

C(4)

C(4A)

N(5)

123.07(16)

O(2T)

S(1T)

C(1T)

109.14(7)

C(11A)

C(4A)

C(4)

120.86(16)

C(2T)

C(1T)

S(1T)

118.88(12)

C(11A)

C(4A)

N(5)

115.81(14)

C(6T)

C(1T)

S(1T)

120.11(12)

N(5)

C(5A)

N(6)

111.65(12)

C(6T)

C(1T)

C(2T)

120.93(15)

N(5)

C(5A)

C(10B)

112.35(12)

C(3T)

C(2T)

C(1T)

118.80(15)

N(6)

C(5A)

C(10B)

105.43(11)

C(2T)

C(3T)

C(4T)

121.37(15)

C(7)

C(6A)

N(6)

128.85(14)

C(3T)

C(4T)

C(5T)

118.62(15)

C(7)

C(6A)

C(10A)

119.18(14)

C(3T)

C(4T)

C(7T)

120.91(16)

C(10A)

C(6A)

N(6)

111.77(13)

C(5T)

C(4T)

C(7T)

120.47(16)

C(10)

C(10A)

C(6A)

120.74(14)

C(6T)

C(5T)

C(4T)

121.08(15)

C(10)

C(10A)

C(10B)

129.73(14)

C(5T)

C(6T)

C(1T)

119.07(15)

C(6A)

C(10A)

C(10B)

109.46(13)

C(2V)

C(1V)

C(11)

122.99(19)
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Table U. Torsion angles for compound 149af.

A

B

C

D

Angle/˚

Cl(1)

C(7)

C(8)

C(9)

-171.40(15)

C(5A) C(10B) N(1N) O(1N)

54.37(16)

Cl(1)

C(7)

C(6A)

N(6)

-9.0(2)

C(5A) C(10B) N(1N) O(2N)

-128.88(14)

Cl(1)

C(7)

C(6A) C(10A)

165.47(12)

C(6A)

N(6)

C(5A)

-112.21(13)

C(1)

C(2)

0.3(3)

C(6A)

N(6)

C(5A) C(10B)

10.06(15)

C(2)

C(1) C(11A) C(11)

172.80(15)

C(6A)

N(6)

S(1T) O(1T)

53.67(13)

C(2)

C(1) C(11A) C(4A)

-0.7(2)

C(6A)

N(6)

S(1T)

C(1T)

-62.56(13)

C(2)

C(3)

C(4)

C(4A)

-1.2(3)

C(6A)

N(6)

S(1T) O(2T)

-177.14(11)

C(3)

C(4)

C(4A)

N(5)

-172.73(15)

C(6A)

C(7)

C(8)

C(3)

C(4)

C(4A) C(11A)

C(3)

C(4)

A

B

C

D

N(5)

C(9)

Angle/˚

3.4(3)

1.1(2)

C(6A) C(10A) C(10B) C(11)

122.44(14)

C(4)

C(4A) C(11A) C(1)

-0.2(2)

C(6A) C(10A) C(10B) C(5A)

0.34(16)

C(4)

C(4A) C(11A) C(11)

-174.32(14)

C(6A) C(10A) C(10B) N(1N)

-117.52(13)

N(5)

C(4A) C(11A) C(1)

174.10(14)

C(10A) C(10B) N(1N) O(1N)

169.24(13)

N(5)

C(4A) C(11A) C(11)

-0.03(19)

C(10A) C(10B) N(1N) O(2N)

-14.02(18)

N(5)

C(5A) C(10B) C(11)

-11.12(17)

C(11A) C(1)

N(5)

C(5A) C(10B) C(10A)

115.50(13)

C(11A) C(11) C(10B) C(5A)

53.39(15)

N(5)

C(5A) C(10B) N(1N)

-125.75(13) C(11A) C(11) C(10B) C(10A)

-65.87(16)

N(6)

C(5A) C(10B) C(11)

-132.94(12) C(11A) C(11) C(10B) N(1N)

170.96(11)

N(6)

C(5A) C(10B) C(10A)

-6.31(15)

C(11A) C(11) C(1V) C(2V)

-130.56(19)

N(6)

C(5A) C(10B) N(1N)

112.43(12)

C(10B) C(11) C(11A) C(1)

136.69(15)

N(6)

C(6A) C(10A) C(10)

-176.49(14) C(10B) C(11) C(11A) C(4A)

N(6)

C(6A) C(10A) C(10B)

N(6)

S(1T)

C(1T) C(2T)

84.45(13)

S(1T)

N(6)

C(5A)

N(6)

S(1T)

C(1T) C(6T)

-92.47(13)

S(1T)

N(6)

C(5A) C(10B) -124.96(10)

C(7)

C(8)

C(10)

3.4(3)

S(1T)

N(6)

C(6A)

C(7)

C(6A) C(10A) C(10)

8.2(2)

S(1T)

N(6)

C(6A) C(10A)

C(7)

C(6A) C(10A) C(10B) -169.02(14)

S(1T)

C(1T) C(2T) C(3T)

-175.14(12)

S(1T)

C(1T) C(6T) C(5T)

173.83(12)

C(9)

N(6)

6.31(17)

176.46(15)

C(2)

C(3)

C(10B) C(11) C(1V) C(2V)
N(5)

C(7)

0.7(3)

-49.58(17)
104.0(2)
112.76(12)

-65.5(2)
119.78(12)

C(8)

C(7)

C(6A)

C(8)

C(7)

C(6A) C(10A)

-9.1(2)

O(1T) S(1T) C(1T) C(2T)

-30.87(14)

C(8)

C(9)

C(10) C(10A)

-4.4(3)

O(1T) S(1T) C(1T) C(6T)

152.21(12)

C(9)

C(10) C(10A) C(6A)

-1.4(2)

C(1T) C(2T) C(3T) C(4T)

1.6(2)
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C(9)

C(10) C(10A) C(10B)

175.19(16)

O(2T) S(1T)

C(1T) C(2T)

-164.77(12)

C(10) C(10A) C(10B) C(11)

-54.4(2)

O(2T) S(1T)

C(1T) C(6T)

18.31(14)

C(10) C(10A) C(10B) C(5A)

-176.54(16)

C(2T) C(1T) C(6T) C(5T)

-3.0(2)

C(10) C(10A) C(10B) N(1N)

65.6(2)

C(2T) C(3T) C(4T) C(5T)

-3.6(2)

C(11) C(10B) N(1N) O(1N)

-63.60(16)

C(2T) C(3T) C(4T) C(7T)

176.78(17)

C(11) C(10B) N(1N) O(2N)

113.15(14)

C(3T) C(4T) C(5T) C(6T)

2.3(2)

C(4A)

N(5)

C(5A)

77.08(16)

C(4T) C(5T) C(6T) C(1T)

1.0(2)

C(4A)

N(5)

C(5A) C(10B)

-41.13(18)

C(6T) C(1T) C(2T) C(3T)

1.8(2)

C(5A)

N(5)

C(4A)

-136.43(15)

C(7T) C(4T) C(5T) C(6T)

-178.10(16)

C(5A)

N(5)

C(4A) C(11A)

49.42(19)

C(1V) C(11) C(11A) C(1)

8.8(2)

C(5A)

N(6)

C(6A)

164.28(15)

C(1V) C(11) C(11A) C(4A)

-177.47(14)

C(5A)

N(6)

C(6A) C(10A)

-10.48(17)

C(1V) C(11) C(10B) C(5A)

-177.49(13)

C(5A)

N(6)

S(1T) O(1T)

-177.97(10)

C(1V) C(11) C(10B) C(10A)

63.25(19)

C(5A)

N(6)

S(1T)

C(1T)

65.80(11)

C(1V) C(11) C(10B) N(1N)

-59.92(16)

C(5A)

N(6)

S(1T) O(2T)

-48.79(11)

N(6)

C(4)

C(7)
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Table V. Hydrogen atom coordinates (Å×104) and isotropic displacement parameters (Å2×103) for
compound 149af.
Atom

x

y

z

U(eq)

H(1)

8002.9

9722.4

4122.85

40

H(2)

5873.62

10067.64

4383.5

51

H(3)

3185.7

8312.34

3261.84

51

H(4)

2584.04

6183.39

1880.06

40

H(11)

7630(20)

7525(19)

1698(15)

21(4)

H(5)

3700(30)

4920(20)

823(18)

36(5)

H(8)

7103.56

4261.51

5920.74

42

H(9)

9640.89

5989.65

6090.24

42

H(10)

9930.04

6887.75

4574.26

35

H(5A)

5580(20)

4292(18)

811(15)

17(4)

H(2T)

6433.6

1359.26

2659.02

32

H(3T)

8741.84

1275.97

2528.59

36

H(5T)

7918.73

2182.12

-453

33

H(6T)

5545.88

2182.58

-379.27

29

H(7TA)

11011.98

2352.5

1784.07

65

H(7TB)

10466.12

2314.73

471.31

65

H(7TC)

9971.34

815.73

754.55

65

H(1V)

9888.49

8816.1

4037.42

41

H(2VA)

10351.36

9023.58

1995.19

62

H(2VB)

11739.9

9922.03

3314.98

62
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Appendix 3. Initial Optimisation from Part II, Section 4.4
“Nickel-Catalysed Reaction of Allenyl Benzoxazinanones with Arylboronic Acids”
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Table W. Preliminary ligand screen for the nickel-catalysed reaction of allenyl benzoxazinanone 348a
4-methoxyphenylboronic acid 352a.

Entry

Ligand

Conversion
(%)a

368:353aa

NMR yield of 368b
(isolated yield, %)

1

LA

72

1.0 : 0.4

(17)

2

PPh3

16

1.0 : 1.8

2

3

dppe

47

1.0 : 1.9

6

4

Phen

54

1.0 : 0.1

14

5

LB

19

1.0 : 0.5

6

6

bphen

67

1.0 : 0.0

(18)

7

TTMPP

12

1.0 : 2.3

3

8

LC

12

1.0 : 0.1

2

9

LD

7

1.0 : 0.6

3

10

LE

-

nr

nr

11

2,2′-bipyridine

52

1.0 : 0.4

5

12

neocuproine

9

1.0 : 0.7

2

13

4,7-dihydroxy1,10phenanthroline

23

1.0 : 0.1

12

14

1,10phenanthroline5,6-dione

37

1.0 : 0.1

10

15

dppbz

42

1.0 : 0.4

10

16c

LF

10

1.0 : 0.5

4

Reagents and conditions: 348a (0.05–0.16 mmol, 1.00 equiv.), 352a (0.08–0.24 mmol, 1.50 equiv.),
Ni(OAc)2•4H2O (10 mol%) and ligand (10–20 mol%) in MeCN (0.10 M) at 80 °C for 24 h. All ligands were
added in 10 mol%, except for triphenylphosphine, tris(2,4,6-trimethoxyphenyl)phosphine (TTMPP), LB and
LE, which were added in 20 mol%. aDetermined from the 1H NMR spectrum of the crude material. bCalculated
from the 1H NMR spectrum of the crude reaction mixture using methyl 3,5-dinitrobenzoate as an internal
standard. c10 mol% KOtBu used to deprotonate the imidazolium chloride precursor. nr = no reaction.
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Table X. Preliminary solvent screen for the nickel-catalysed reaction of allenyl benzoxazinanone
348a with 4-methoxyphenylboronic acid 352a.

Entry

Solvent

Conversion
(%)a

368:353aa

NMR yield of
368b
(isolated yield, %)

1

MeCN

67

1.0 : 0.0

(18)

2

DMF

42

1.0 : 16

4

3

1,4-dioxane

15

0.0 : 1.0

-

4

DCE

-

nr

nr

5

toluene

3

0.0 : 1.0

-c

6

TFE

3

1.0 : 0.0

-c

Reagents and conditions: 348a (0.08 mmol, 1.00 equiv.), 352a (0.12 mmol, 1.50 equiv.), Ni(OAc)2•4H2O
(10 mol%) and bathophenanthroline (10 mol%) in solvent (0.10 M) at 80 °C for 24 h. aDetermined from the 1H
NMR spectrum of the crude material. bCalculated from the 1H NMR spectrum of the crude reaction mixture
using methyl 3,5-dinitrobenzoate as an internal standard. cNMR yield of 368 not determined due to low
conversion. nr = no reaction.
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Table Y. Preliminary catalyst screen for the nickel-catalysed reaction of allenyl benzoxazinanone 348a
with 4-methoxyphenylboronic acid 352a.

Entry

Catalyst

Conversion
(%)a

368:353aa

NMR yield of
368b
(isolated yield, %)

1

Ni(OAc)2•4H2O

67

1.0 : 0.0

(18)

2

NiCl2•6H2O

25

1.0 : 0.0

20

3

Ni(acac)2

100

1.0 : 0.2

12

4

Ni(ClO4)2•6H2O

19

1.0 : 0.1

12

5

NiSO4•6H2O

nr

nr

nr

Reagents and conditions: 348a (0.08 mmol, 1.00 equiv.), 352a (0.20 mmol, 2.50 equiv.), nickel(II) catalyst
(10 mol%) and bathophenanthroline (10 mol%) in MeCN (0.10 M) at 80 °C for 24 h. aDetermined from the 1H
NMR spectrum of the crude material. bCalculated from the 1H NMR spectrum of the crude reaction mixture
using methyl 3,5-dinitrobenzoate as an internal standard. nr = no reaction.
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Appendix 4. NMR Spectra for the Compounds Synthesised in Part I and Part II
“Palladium-Catalysed Decarboxylative Formal (4 + 2) Cycloaddition of Vinyl
Benzoxazinanones with 3-Nitroindoles”
and
“Nickel-Catalysed Reaction of Allenyl Benzoxazinanones with Arylboronic Acids”
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(2-Aminophenyl)methanol (151a)

1

H NMR:

13

C NMR:

272

(2-Amino-6-fluorophenyl)methanol (151b)

1

H NMR:

13

C NMR:

273

19

F NMR:

274

(2-Amino-5-methoxyphenyl)methanol (151c)

1

H NMR:

13

C NMR:

275

(2-Amino-5-bromophenyl)methanol (151d)

1

H NMR:

13

C NMR:

276

(2-Amino-4-chlorophenyl)methanol (151e)

1

H NMR:

13

C NMR:

277

(2-Amino-3,4-dimethylphenyl)methanol (151f)

1

H NMR:

13

C NMR:

278

(2-Amino-3-methylphenyl)methanol (151g)

1

H NMR:

13

C NMR:

279

(2-Amino-5-nitrophenyl)methanol (151h)

1

H NMR:

13

C NMR:

280

Methyl (2-(hydroxymethyl)phenyl)carbamate (152a)

1

H NMR:

13

C NMR:

281

Methyl (3-fluoro-2-(hydroxymethyl)phenyl)carbamate (152b)

1

H NMR:

13

C NMR:

282

19

F NMR:

283

Methyl (2-(hydroxymethyl)-4-methoxyphenyl)carbamate (152c)

1

H NMR:

13

C NMR:

284

Methyl (4-bromo-2-(hydroxymethyl)phenyl)carbamate (152d)

1

H NMR:

13

C NMR:

285

Methyl (5-chloro-2-hydroxymethyl)phenyl)carbamate (152e)

1

H NMR:

13

C NMR:

286

Methyl (6-(hydroxymethyl)-2,3-dimethylphenyl)carbamate (152f)

1

H NMR:

13

C NMR:

287

Methyl (2-(hydroxymethyl)-6-methylphenyl)carbamate (152g)

1

H NMR:

13

C NMR:

288

Methyl (2-(hydroxymethyl)-4-nitrophenyl)carbamate (152h)

1

H NMR:

13

C NMR:

289

Tert-butyl (2-(hydroxymethyl)phenyl)carbamate (152i)

1

H NMR:

13

C NMR:

290

Methyl (2-formylphenyl)carbamate (153a)

1

H NMR:

13

C NMR:

291

Methyl (3-fluoro-2-formylphenyl)carbamate (153b)

1

H NMR:

13

C NMR:

292

19

F NMR:

293

Methyl (2-formyl-4-methoxyphenyl)carbamate (153c)

1

H NMR:

13

C NMR:

294

Methyl (4-bromo-2-formylphenyl)carbamate (153d)

1

H NMR:

13

C NMR:

295

Methyl (5-chloro-2-formylphenyl)carbamate (153e)

1

H NMR:

13

C NMR:

296

Methyl (6-formyl-2,3-dimethylphenyl)carbamate (153f)

1

H NMR:

13

C NMR:

297

Methyl (2-formyl-6-methylphenyl)carbamate (153g)

1

H NMR:

13

C NMR:

298

Methyl (2-formyl-4-nitrophenyl)carbamate (153h)

1

H NMR:

13

C NMR:

299

Tert-butyl (2-formylphenyl)carbamate (153i)

1

H NMR:

13

C NMR:

300

Methyl benzyl(2-formylphenyl)carbamate (430)

1

H NMR:

13

C NMR:

301

Tert-butyl (2-formylphenyl) carbonate (431)

1

H NMR:

13

C NMR:

302

4-Vinyl-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (147a)

1

H NMR:

13

C NMR:

303

5-Fluoro-4-vinyl-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (147b)

1

H NMR:

13

C NMR:

304

19

F NMR:

305

6-Methoxy-4-vinyl-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (146c)

1

H NMR:

13

C NMR:

306

6-Bromo-4-vinyl-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (147d)

1

H NMR:

13

C NMR:

307

7-Chloro-4-vinyl-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (147e)

1

H NMR:

13

C NMR:

308

8-Methyl-4-vinyl-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (147f)

1

H NMR:

13

C NMR:

309

7,8-Dimethyl-4-vinyl-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (147g)

1

H NMR:

13

C NMR:

310

1-Tosyl-4-vinyl-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (147h)

1

H NMR:

13

C NMR:

311

1-(4-Methoxybenzyl)-4-vinyl-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (147i)

1

H NMR:

13

C NMR:

312

4-(Propa-1,2-dien-1-yl)-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (348a)

1

H NMR:

13

C NMR:

313

5-Fluoro-4-(propa-1,2-dien-1-yl)-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (348b)

1

H NMR:

13

C NMR:

314

19

F NMR:

315

6-Methoxy-4-(propa-1,2-dien-1-yl)-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (348c)

1

H NMR:

13

C NMR:

316

6-Bromo-4-(propa-1,2-dien-1-yl)-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (348d)

1

H NMR:

13

C NMR:

317

7-Chloro-4-(propa-1,2-dien-1-yl)-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (348e)

1

H NMR:

13

C NMR:

318

7,8-Dimethyl-4-(propa-1,2-dien-1-yl)-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (348f)

1

H NMR:

13

C NMR:

319

8-Methyl-4-(propa-1,2-dien-1-yl)-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (348g)

1

H NMR:

13

C NMR:

320

6-Nitro-4-(propa-1,2-dien-1-yl)-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (348h)

1

H NMR:

13

C NMR:

321

1-Benzyl-4-(propa-1,2-dien-1-yl)-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (432)

1

H NMR:

13

C NMR:

322

4-(Buta-2,3-dien-2-yl)-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (438j)

1

H NMR:

13

C NMR:

323

(E)-2-(but-1-en-3-yn-1-yl)aniline (359a)

1

H NMR:

13

C NMR:

324

(E)-N-(2-(but-1-en-3-yn-1-yl)phenyl)-4-methylbenzenesulfonamide (367)

1

H NMR:

13

C NMR:

325

1-Tosyl-1H-indole (157a)

1

H NMR:

13

C NMR:

326

Methyl 1-tosyl-1H-indole-4-carboxylate (157b)

1

H NMR:

13

C NMR:

327

5-Methoxy-1-tosyl-1H-indole (157c)

1

H NMR:

13

C NMR:

328

Methyl 1H-indole-1-carboxylate (157d)

1

H NMR:

13

C NMR:

329

1-(Methylsulfonyl)-1H-indole (157e)

1

H NMR:

13

C NMR:

330

3-Nitro-1-tosyl-1H-indole (148a)

1

H NMR:

13

C NMR:

331

Methyl 3-nitro-1-tosyl-1H-indole-4-carboxylate (148b)

1

H NMR:

13

C NMR:

332

5-Methoxy-3-nitro -1-tosyl-1H-indole (148c)

1

H NMR:

13

C NMR:

333

Methyl 3-nitro-1H-indole-1-carboxylate (148d)

1

H NMR:

13

C NMR:

334

1-(Methylsulfonyl)-3-nitro-1H-indole (148e)

1

H NMR:

13

C NMR:

335

7-Chloro-3-nitro-1-tosyl-1H-indole (148f)

1

H NMR:

13

C NMR:

336

10b-Nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoline (149aa/149aa′)

1

H NMR:

13

C NMR:

337

10b-Nitro-6-[(4-nitrophenyl)sulfonyl]-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoli
ne (149ag/149ag′)

1

H NMR:

13

C NMR:

338

6-(Methylsulfonyl)-10b-nitro-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoline
(149ae/149ae′)

1

H NMR:

13

C NMR:

339

(±)-Methyl (5aR,10bR)-10b-nitro-6-tosyl-11-vinyl5a,6,10b,11-tetrahydro-5H-indolo-[2,3-b]quin
oline-9-carboxylate (149an/149an′)

1

H NMR:

13

C NMR:

340

(±)-(5aR,10bR)-10b-Nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoline9-carbonitrile (149ao/149ao′)

1

H NMR:

13

C NMR:

341

9-Bromo-10b-nitro-6-tosyl-11-vinyl5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoline
(149ap/149ap′)

1

H NMR:

13

C NMR:

342

9-Chloro-10b-nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoline
(149aq/149aq′)

1

H NMR:

13

C NMR:

343

9-10b-Dinitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo [2,3-b]quinoline
(149ar/149ar′)

1

H NMR:

13

C NMR:

344

9-Methyl-10b-nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoline
(149as/149as′)

1

H NMR:

13

C NMR:

345

8-Chloro-10b-nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoline
(149at/149at′)

1

H NMR:

13

C NMR:

346

Methyl 10b-Nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoline-10carboxylate (149ab/149ab′)

1

H NMR:

13

C NMR:

347

7-Chloro-10b-nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoline (149af)

1

H NMR:

13

C NMR:

348

7-Chloro-1-fluoro-10b-nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3b]quinoline (149bf/149bf′)

1

H NMR:

13

C NMR:

349

19

F NMR:

350

3,7-Dichloro-10b-nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3-b]quinoline
(149ef)

1

H NMR:

13

C NMR:

351

7-Chloro-4-methyl-10b-nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro5Hindolo[2,3-b]quinoline
(149ff)

1

H NMR:

13

C NMR:

352

7-Chloro-3,4-dimethyl-10b-nitro-6-tosyl-11-vinyl-5a,6,10b,11-tetrahydro-5H-indolo[2,3b]quinoline (149fg)

1

H NMR:

13

C NMR:

353

8-Chloro-6-tosyl-11-vinyl-5,5a,6,11-tetrahydro-10bH-indolo[2,3-b]quinol in-10b-amine (136)

1

H NMR:

13

C NMR:

354

2-(4-Methoxyphenyl)-2-methyl-1,2-dihydroquinoline (368aa)

1

H NMR:

13

C NMR:

355

5-Fluoro-2-(4-methoxyphenyl)-2-methyl-1,2-dihydroquinoline (368ab)

1

H NMR:

13

C NMR:

356

19

F NMR:

357

6-Methoxy-2-(4-methoxyphenyl)-2-methyl-1,2-dihydroquinoline (368ac)

1

H NMR:

13

C NMR:

358

6-Bromo-2-(4-methoxyphenyl)-2-methyl-1,2-dihydroquinoline (368ad)

1

H NMR:

13

C NMR:

359

7-Chloro-2-(4-methoxyphenyl)-2-methyl-1,2-dihydroquinoline (368ae)

1

H NMR:

13

C NMR:

360

2-(4-Methoxyphenyl)-2,7,8-trimethyl-1,2-dihydroquinoline (368af)

1

H NMR:

13

C NMR:

361

2-(4-Methoxyphenyl)-2,8-dimethyl-1,2-dihydroquinoline (368ag)

1

H NMR:

13

C NMR:

362

1-(4-Methoxyphenyl)ethan-1-one (369)

1

H NMR:

13

C NMR:

363

2-Methylquinoline (411)

1

H NMR:

13

C NMR:

364

5,5-dimethyl-2-phenyl-1,3,4-dioxaborinane (393)

1

H NMR:

13

C NMR:

365

Sodium trihydroxy(4-methoxyphenyl)borate (405)

1

H NMR:

13

C NMR:

366
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